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use leaden ones his hide is sure to f l a t t e n  'em.
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ABSTRACT
A range o f  a n a ly t ic a l  techniques were invest igated and compared fo r  
the determination of platinum group metals in p lant  t issues.  These 
included I CP, DC arc AES and PIXE. P a r t ic u la r  a t te n t io n  was paid to 
problems associated with determination by ETA AAS and INAA. PIXE was 
su i tab le  as a rout ine method and gave results  in good agreement with  
those from INAA. The I CP method was s a t is fa c to r y  only at  r e l a t i v e l y  high 
concentrations.
The b io log ica l  e f fe c ts  o f  platinum group metals on E-ichhom 'ia
c ra s s ïp e s  were studied.  At an applied metal concentration of  lOppm, the
r e la t i v e  t o x i c i t y  was found to be: Pt^^ % Pd^^ > Os^^ % Ru^^ > Ir^^ >
k+ 3+Pt »  Rh . The metals were deposited mostly in p lant  roots though 
varying amounts were transported to the tops. Toxic symptoms of  Pt^*  
complexes included the appearance of  reddish-brown streaks in the leaves,  
w h i ls t  Rh^ "*" appeared to e x h ib i t  a tonic e f f e c t .  in contras t ,  the grass 
Setav 'ta  v e v t 'ic 'L 'i'ia ta  was growth st imulated by Pt^^ at  low leve ls .
Two complexed forms of  platinum were invest igated fu r th e r  because 
of  the d i f fe rence  in r e l a t i v e  t o x i c i t y .  Platinum applied as the a n t i ­
tumour complex c is  CPt(NH^)2Cl2 H was found to be tox ic  at high leve ls .  
When applied at low levels  some 47.9% of  the platinum in the leaves was 
associated with  a - c e l lu lo s e  and l ig n in ;  16.1% was removed by the 
p ro te o ly t ic  enzyme pronase, and 20.8% found with  water soluble pectates.
A s im i la r  d is t r ib u t io n  was found in the f lo a ts  o f  E iohh o rn 'ia  crass'Cpes 
and in the p lant  roots the values were 35%, 9.5% and 14.2% respect ive ly .  
In the roots however, a fu r th e r  23.1% was removed with low molecular  
weight alcohol soluble mater ia ls  and 12.0% with polar  water soluble  
m ater ia ls .  The amino acid consti tuents of  control and platinum treated  
plants are also presented.
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4+When applied as Pt , platinum appeared r e l a t i v e l y  non-toxic.
Analy t ica l  e lec t ron  micrographs revealed Pt deposits concentrated in the
epidermis o f  the root with  lesser amounts extending up to the endodermis,
XPS confirmed the deposits on the root surface as Pt and the binding
4+energy suggests i t  is Pt . Ruthenium also has been detected in the 
epidermis o f  Ru t reated  root samples.
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11.
A STUDY OF THE ACCUMULATION TOXICITY
AND DETERMINATION OF PLATINUM GROUP METALS
N PLANTS
Foreword
To sustain normal healthy growth, higher plants require some e ight  
metals o f  which f i v e  are c l a s s i f i e d  as t r a n s i t io n  elements. Many plant  
species can accumulate qui te  high levels  of  both essent ia l  and non- 
essent ia l  t r a n s i t io n  elements; such species are ca l led  to le r a n t .  The 
mechanism(s) by which these plants can t o le r a te  such high metal leve ls ,  
normally considered to x ic ,  is f a r  from f u l l y  understood. L i t t l e  is 
known about the accumulation and t o x i c i t y  o f  the s ix  heaviest  members of  
Group V I I I :  the platinum group metals (or platinum metals ).
This study is an attempt to invest igate  and compare the biological  
e f fe c ts  o f  the platinum group metals on plants .  The aquatic p lant  
E 'ichho rn ia  c ra s s ïp e s  (water hyacinth) was selected fo r  de ta i led  study 
because of  i t s  remarkable a b i l i t y  to ass im i la te  high leve ls  of  t ra n s i t io n  
metals and hence i t s  potent ia l  as an agent in the  control o f  heavy metal 
p o l lu t io n  in r iv e r s ,  ponds and streams. In the in t roduct ion ,  sections on 
the anatomy and chemical composition o f  plants set the scene fo r  l a t e r  
invest iga t ions .  A review of  the inorganic biochemistry of  the platinum  
group metals with p a r t i c u la r  reference to p lant  studies is included.
This work has brought to l ig h t  many o f  the problems involved in 
using instrumental techniques fo r  the determination of  the platinum group 
metals in b io logical  matrices.  I t  is for  th is  reason, that  an a ly t ica l  
methods have featured so prominently in th is  thes is .  The pr inc ip les  and 
appl icat ions of  the major techniques are presented as a prelude to uptake 
experiments.
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C H A P T E R  I 
I N T R O D U C T I O N
1.1 The plant cel 1
The s tructure  of  a typical  p lant  ce l l  can be divided Into two main 
regions: the ce l l  wall  and the protoplast .  The l a t t e r  contains the 
nucleus, the cytoplasm, consisting of  various membrane bound organelles  
and various organic molecules responsible fo r  the metabolic a c t i v i t y  of  
the c e l l .  Although these features are common to the major i ty  of plant  
ce l ls  there Is a large degree of  v a r ia t io n  In s iz e ,  shape and structure  
depending on funct ion ,  age and other fac to rs .
nuclear membrane p la s t id
mltochondrIon
ch romatln
vacuole
dIctyosome
nucleolus
endoplasmic
reticulum
middle 1ame11 a
piasmodesma
ce l l  wall
Figure 1 . U l t ra s t ru c tu ra l  de ta i ls  of a young plant  ce l l  ( a f t e r  Esau 1965)
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The m ajor i ty  of  higher plant  c e l ls  f a l l  w i th in  the range 
20-30 ym in length or diameter.  Each ce l l  is protected by an outer  
membrane, the plasmalemma. This acts as a semi permeable b a r r i e r  al lowing  
water to pass but r e s t r i c t i n g  the passage of  solutes.  The plasmalemma 
is i t s e l f  bounded by a ce l l  wall which imparts r i g i d i t y  and protects the 
ce l l  against  a t tack  by pathogens. Another fea ture  o f  p lant  c e l ls  is that  
they are not iso la ted .  Plasmodesmata are cytoplasmic interconnections  
l ined by plasmalemma. Their  exact funct ion is not understood but they 
may provide a channel through which mater ia l  can be transported between 
c e l l s .
The cytoplasm is a t ranslucent  viscous mass of  which 80-90% 
is water.  In a young plant  ce l l  the cytoplasm may contain one or two 
sap f i l l e d  c a v i t ie s  ca l led  vacuoles. As the ce l l  matures these vacuoles 
become enlarged and combine u n t i l  they dominate the c e l l .  They are 
separated from the cytoplasm by a membrane known as the tonoplast .  Plant  
vacuoles may contain s a l t s ,  sugars, organic ac ids,  proteins and even 
f a t t y  substances e i th e r  in solut ion or in a c o l lo id a l  s ta te ;  pigments 
and tannins have also been found.
The most dominant of  the d i f f e r e n t i a t e d  protoplasmic structures  
is the nucleus, a spherical or e l l i p s o id a l  body bounded by a nuclear  
membrane. Suspended in the nuclear sap are one or more nucleoli  and the 
chromosomes, which a r is e  during nuclear d iv is ion  from the chromatin,  a 
d i f fuse  tangle of separate f in e  threads. I t  has been shown that  chromatin 
consists of  a complex of pro te ins ,  r ibonucleic  acid (RNA) and deoxy­
r ibonucleic  acid (DMA), which is c h a ra c te r is t ic  o f  the nucleus and is 
the c a r r i e r  of  the hered ita ry  genetic m a te r ia l .
Various other protoplasmic bodies include p la s t id s ,  mitochondria,  
microsomes and the Golgi apparatus. Plastids are viscous bodies which
14.
vary in s tructure  and funct ion .  Colourless p las t ids  are cal led leucoplasts,  
pigmented ones chromoplasts, o f  which ch lo ro p las ts , the green plast ids  
containing chlorophy l ls ,  are the most dominant, being involved in photo- 
synthes i s .
Mitochondria appear as f ilamentous rod-shaped bodies between 0.2  
and 2 ym in length and are found in the cytoplasm of  v i r t u a l l y  a l l  l iv in g  
c e l l s .  In the e lectron microscope each is seen to be bound by a double 
membrane. Mitochondria are involved in the breakdown of  complex food 
molecules and oxidat ion of organic acids to provide energy which is stored 
in adenosine tr iphosphate (ATP). Microsomes are bodies o f  the order of
0.1 ym which are thought to o r ig in a te  in the nucleus. Rich in RNA, 
they are extruded in the cytoplasm and are associated with  the endoplasmic 
ret iculum,a complex system of  membranes i d e n t i f i e d  by e lectron microscopy. 
Also id e n t i f ie d  by e lectron microscopy are the Golgi bodies or dictyosomes 
bounded by a single membrane; very l i t t l e  is known about t h e i r  funct ion.
1.2 Physiological anatomy of the root
Of the elements required by higher plants to sustain hea lthy growth, 
only three are absorbed v ia  a e r ia l  parts;  carbon, hydrogen and oxygen. The 
other elements are absorbed and transported throughout the plant  by a highly  
complex mechanism which begins a t  the root .  Some roots also serve as a 
means of  anchorage and these are found to extend well  below the soil  
surface w h i ls t  those roots with an absorbing function tend to be nearer the 
surface. The p la n t 's  root system may cover a surface area which is much 
la rger  than that  o f  i ts  a e r ia l  parts .  The area of  contact between soil  and 
root is enhanced considerably by the growth of  root hairs which are replaced 
rapid ly  by new hairs as the o lder  ones d ie .  Figure 2 is a diagram of  a 
root cross section about 1 cm from the t i p .  The root is bound by a single
15
0.2 mm
Epidermis a f t e r  
1 OSS of  root ha I r
Parenchyma \ %
with a i r  spacesX ^ 
(s t ipp led )  /  o
Endodermi s 
(with Casparian 
s t r ip s )
Pe r i cycle
Protoxy1em
Metaxy1em 
( i mmature)
Phioen
Figure 2 . Transverse section of a root of Ranim cutus revens  about 
1 cm from the apex ( a f t e r  Bowling 1976) .
external layer  of  c e l ls  ca l led  the epi dermi s. The root h a i rs ,  which grow 
outwards, are merely extent  ions of  the outer epidermal ce l l  w a l l .  The 
m ajor i ty  of the root s tructure  consists of r e l a t i v e l y  large and loosely  
arranged parenchyma c e l l s ,  with many a i r  spaces, known c o l l e c t i v e ly  as 
the cortex. The innermost part  of the root,  ca l led  the s t e le ,  is separated 
from the cortex by a single layer  of  elongated c e l ls  ca l led the endodermis.
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The chie f  feature  of the endodermis is the appearance of a ribbon l ik e  
s t r ip  surrounding the radia l  walls  of  each cel l  (Figure 3)* This is the 
Casparian s t r ip  or band, the chemical composition of which appears to be 
a combination of ce l lu lose  and suberin,  a wax l i k e  substance, though this  
combination is not well understood (Van Fleet  I 96 I ) .
The major features of  the s te le  are the vascular t issues which are 
responsible fo r  transport ing minera ls ,  food and water throughout the p lant .  
The xylem is a s t r u c t u r a l l y  and fu n c t io n a l ly  complex t issue which is 
responsible fo r  the upward movement of water and nutr ien ts  to the plant
T ransverse 
view
Endodermis
Per i cycle
Rad i a 1 
w a l ls . Casparian band
Longitud i na1 
V i ew
Figure 3 - The location of  the Casparian s t r ip  in the endodermis ( a f t e r  
Bowli ng 1976) .
aer ia l  par ts.  The phloem is a complex t issue also,  which is closely  associated 
and a l te rn a tes  with the xylem. I t  functions as a conductor of  carbohydrates 
and organic molecules from the leaves to the roots. The major cells involved 
in phloem transport  are the sieve- tube members. Both the xylem and phloem 
are surrounded by t h e i r  smaller thin walled parenchymatic c e l l s .  The ste le  
is encased by a single layer  of  thin walled ce l ls  adjacent to the endodermins, 
cal led the p e r icyc le ,  from whence la te ra l  roots o r ig in a te .
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260pm''
580 ym
protoxylem poles 
protophloem poles 
â— peri cycle  
^— mature xylem elements 
root ha i rs 
=— cortex  
— ep idermis
casparian band
immature xylem 
elements with  
secondary wa1 Is
endodermi s
mature part  
of sieve tube
  immature part
of sieve tube
rootcap
Figure 4 . Longitudinal section of  a root t i p  o f  N ic o t ia n a  (tobacco) 
( a f t e r  Esau 1953) •
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Most of  the root growth takes place behind the root cap in the 
meristematic c e l l s .  I t  is behind the apex that  c e l l  elongation takes 
place, but before th is  is complete the phloem w i l l  have matured, unl ike  
the protoxylem which matures a f t e r  elongation (Figure 4 ) .  The arrangements 
of  the xylem and phloem in vascular  bundles var ies between species and
even between the same plants .  As the c e l ls  age they become impregnated,
mainly with  l ig n i n ,  which causes the ce l l  walls  to th icken.  This is 
p a r t i c u la r l y  important in monocotyledons where the thickening of  vascular  
ce l l  wal ls  imparts r i g i d i t y  to the root s t ruc tu re .
1,3 Chemical composition and s t ructure  of  the ce l l  wall
The ce l l  wal ls  of  plants may be c la s s i f i e d  as e i t h e r  primary or  
secondary. In young c e l ls  only the primary wall  e x is ts ;  i t  is usual ly  th in  
(1“3 ym) and associated with the l i v in g  p ro top las t ,  as in the meristematic  
c e l l s .  Later ,  as the ce l l  develops, i t  may become coated with  a th icker  
layer  from w ith in  the protoplast ;  th is  forms the secondary ce l l  w a l l ,  which 
is usually  mult i layered and between 5"10 ym th ic k .  This imparts r i g i d i t y
and shape to the c e l l .  The primary wall  of each c e l l  is separated from
other c e l ls  by an i n t e r c e l l u l a r  substance known as the middle lamel la .
The composition of  the ce l l  wal l  var ies from species to species and between 
the various p lant  t issues.  I t  has been suggested tha t  the s tructure  of the 
ce l l  wall  resembled that  o f  re inforced p la s t ic  with a framework o f  ce l lu lose  
impregnated with pectins and hemicel1uloses (Northcote 1972).  Secondary 
walls  are thickened fu r th e r  with deposits of  l i g n i n ,  various pigments, waxes, 
fa ts  and proteins.  The primary ce l l  walls  contain more pectic  substances 
than do secondary wal ls  which undergo l i g n i f i c a t i o n  as the c e l ls  mature.
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Table 1 . Composition of  primary and secondary ce l l  wal ls
Component
% of dry mater ia l
Pr.
Oat
Sec.
Wheat
Pr. Sec
Cel 1ulose 42 44 36 39
Pectic substances 8 1 13 1
Hemicel1ulose 38 32 30 32
Lignin - 19 - 17
Key: Pr. = The primary ce l l  walls  of  growing seedling t issues
Sec. = Secondary wall  mater ia l  from mature grass t issues 
(adapted from Bonner 1950)
The backbone of  the ce l l  w a l l ,  c e l lu lo s e ,  is a l in e a r  polymer 
of 3 (1 4) l inked glucopyranose un i ts .  The resu l tant  glucan
chains have a length ranging from 1 -  7 ym and number 2 000 -  14 000 
glucose un i ts .  The molecular weight is approximately 1000 000.
Hydrogen bonding aids the arrangement o f  the chains into order ly  3-D 
l a t t i c e s  ca l led  micel les which are packed together  in bundles known as 
m ic r o f i b r i l s .  The m i c r o f i b r i l s  are part  of a la rger  complex m a c r o f ib r i l ,  
which contains interspersed non-cel 1ulosic  m a te r ia l .
The c a p i l l a r i e s  between the m ic r o f ib r i l s  are able to absorb large 
amounts of  water ,  thus al lowing the passage of  w ate r-so lub le  substances. 
Pectic substances are regarded as the most soluble o f  polysaccharides  
and are highly hydrophi l ic .  They occur in three forms, protopect in ,  
pectin and pectic  acid and are found la rge ly  in the middle lamella  
as calcium and magnesium s a l ts .  They usually contain polymers of  
D-galacturonic ac id ,  L-arabinose, D-galactose and L-rhamnose.
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CH^OH CH^OH CH^OH
H OH H OH
D-glucose
(a) Cellu lose;  g(1^4) l inked glucose residues (Haworth formula)
CHnOH C H .O H
C H .O H  ^ 0  HO
(b) Cellu lose;  6(1^4) l inked glucose residues (Chair configurat ion)
COOH COOCH COOCH COOH
0
H OH H OH H OH H OH
D-ga1actu ron i c 
ac i d
D-methyl- 
galacturonic  acid
(c) a-D-(1^4) l inked galacturonic acid residues found in Pect in .
V V O  H OH H OH H OH
D-xy1 ose D-xy1 ose D-xy1 ose
HOCH/
" H OH 
L-arabinose
(d) Arabinoxylan 
Figure 5 Structures of  ce l l  wall polysaccharides
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Other sugars may be present also (Aspinal l  1970).  I t  is the carboxyl groups 
of the D-galacturonic  acid residues which undergo d issoc ia t ion ,  result ing  
in the bui ld  up of a negative charge. This charge is responsible for  the 
strong cat ion binding c h a r a c te r is t i c  of the ce l l  w a l l .
Hemicel1uloses are a complex cl ass of  polysaccharides which vary in 
s tructura l  u n i ts ,  extent of  branching and in s o l u b i l i t y .  They can be 
extracted with  a l k a l i  from ce l l  wall  mater ia l  a f t e r  removal of pectin .
They can be isolated fu r th e r  in to  hemicel1uloses A and B by n e u t ra l is a t io n  
with ace t ic  acid (Northcote 1963).  Some examples from th is  class include 
the homopolymers, xylans, galactans,  mannans and glucans, as well  as the 
copolymers, g 1ucomannans, galactomannans and arabinoxy1 ans. Of these,  
the more important are the xylans and glucomannans. The xylans are based 
on a backbone of 3 (1 4) l inked xylopyranose uni ts  with various other
sugars attached e i th e r  as units or  branches. The glucomannans have back­
bones which comprise varying amounts of both D-glucose and D-mannose 
l inked by 3 (1 ^  4) g lycos id ic  bonds (Figure 5)•
CH^ OH
I ^
CH
II
CH
OCH
OH
CH^ OH
CH
II
CH
CH^ OH
CH 0‘ OCH3
OH
(a) Coniferyl  
a 1cohol 
(Gua i a c y l )
(b) Sinapyl alcohol 
(S yr ingy l )
(c) p-Hydroxycinnamyl 
a 1cohol
Figure 6 . Structural  components of  l ign in  ( a f t e r  H a l l ,  Flowers and 
Roberts 1974)
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F i n a l l y ,  l i g n i n ,  as an end product of  ce l l  metabolism, is one of  
the more important features of  the secondary c e l l  w a l l .  The s tructure  
of  l ign in  is complex and f a r  from c le a r ,  but appears to be tha t  of  an 
aromatic polymer o f  high molecular weight containing various p-hydroxy-  
phenylpropane u n i ts ,  some of  which may be methoxylated on the aromatic 
ring (Figure 6 ) .  Cross-l inkage of  the units  provides the cement with  
which the ce l lu lose  f i b r i l s  are strengthened and bound.
1 .4  Inorganic composition of plants
Fresh plant  mater ia l  comprises 80-90% water and of the remainder over 
90% consists of  the elements carbon, oxygen and hydrogen. In the chemical 
analysis of  plant  m a te r ia l ,  the water is removed by drying and the organic 
matter by ashing. The remaining 1.5% of  the p la n t 's  fresh weight  
represents i ts  mineral composition. Table 2 gives the typ ica l  elemental 
composition of  the corn p la n t ,  Zea mays.
Table 2 . Elemental composition of  the corn plant  Zea mays (A f te r  M i l l e r ,  
1938).
Element % of  dry weight Element % o f  dry weight
0 44.43 P 0.20
C 43.57 Mg 0.18
H 6.24 S 0.17
N 1.46 Cl 0.14
Si 1.17 Al 0.11
K 0.92 Fe 0.08
Ca 0.23 Mn 0.04
Essent i a l i  ty
The fac t  that an element is detected in the plant  t issue does not 
necessari ly mean i t  is e ss en t ia l .  Since any given soi l  sample is l i k e l y
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to contain almost a l l  the elements in the Periodic Table,  some at  u l t r a ­
trace le v e ls ,  i t  is hardly surpr is ing that  with  the sophist icated methods 
of analysis a v a i la b le  today, most of  them are detectable in plant  t issues.  
Plant roots do not d iscr iminate  between essent ia l  and non-essential  elements,
Various c r i t e r i a  of  e s s e n t ia l i t y  have been proposed by Arnon and 
Stout (1939) .
1. Omission of  the element in question must resu l t  in abnormal 
growth, f a i l u r e  to complete the l i f e  cycle or premature death of the 
plant .
2. The element must be s p e c i f ic  and not replaceable by another.
3. The element must exert  i t s  e f f e c t  d i r e c t l y  on growth or metabolism 
and not by some in d i re c t  e f f e c t  such as by antagonising another element 
present at  a tox ic  l e v e l .
The d i f f i c u l t i e s  involved in such experimental invest igat ions in 
e l im inat ing  trace elements from the water used, has resulted in some c r i t i c i s m  
of the c r i t e r i a  (Hew it t ,  1966).  Chlorine is a good example of  th is  
c r i t i c i s m .  I t  is an extremely d i f f i c u l t  element to el  im i nate from water 
supplies and enough is present in the atmosphere, esp ec ia l ly  near the 
coast,  to s a t is fy  the p la n t 's  needs. E s s e n t ia l i ty  was not f u l l y  accorded 
chlor ine un t i l  demonstration o f  i ts  d e f ic ie n t  e f fe c ts  (Broyer e t  d l .  ,
1954) and i ts  apparent involvement in the photo-oxidation of  water in 
isolated chloroplasts (Arnon, I 9 6 I ) .  The question of  replacement has led 
to arguments about the c r i t e r i a  also (Nicholas, 1957). Chlorine is c le a r ly  
an essentia l  element, but can be replaced by bromine or iodine.
A more recent q u a l i f i c a t io n  of  these c r i t e r i a  has been proposed by 
Epstein ( I 965) .  An element is essent ia l  (a) i f ,  without i t ,  the plant  
cannot complete i ts  l i f e  cyc le ,  and (b) i f  i t  is part  of  the molecule of  
an essent ia l  plant consti tuent  or metabol ite .
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The experimental evidence fo r  e s s e n t ia l i t y  came from solution cu l ture  
methods. (Arnon and Hoagland, 1948; Stout ,  1956).  By the beginning of  the 
20th century some ten elements were recognised as being essent ia l  for  
healthy plant  growth. As well as carbon, hydrogen and oxygen, the 
elements n i trogen,  phosphorus, sulphur,  potassium, calcium and magnesium 
were c o l l e c t i v e ly  re ferred  to as macronutrients on account of  the r e l a t i v e l y  
large concentrations required by p lants .  At tha t  time the only exception 
was i ron,  known to be essent ia l  but required at  a minimal concentration.  
Micronutr ient  elements
During the f i r s t  h a l f  o f  the 20th century experimental techniques 
and the qu a l i ty  of  water used in hydroponic experiments improved considerably.  
Nutr ient  solutions based on the supply of  essent ia l  elements a t  appropriate  
concentrations were developed, (Arnon and Hoagland, 1940) and these enabled 
invest igators to d is t ingu ish another group o f  essent ia l  elements which, 
l i k e  iron,  were required in very small amounts and were therefore  termed 
the micronutr ients (Stout ,  1961).
With the exception o f  ch lor ine  and boron, the f i v e  other essent ia l  
micronutr ients ,  iron, manganese, z in c ,  copper and molybdenum are a l l  
t ra n s i t io n  or 'd block' elements. i t  is because these elements have 
vacant or p a r t i a l l y  f i l l e d  d o r b i t a ls  that  they e x h ib i t  some common physical 
and chemical c h a ra c te r is t ic s .  These include va r iab le  oxidat ion s tates,  
c a t a l y t i c  propert ies and most important, the a b i l i t y  to form complexes 
read i ly .  This thesis is concerned with the six group V I ! I  elements,  
platinum, palladium, rhodium, i r id ium ,  ruthenium and osmium, known 
c o l l e c t i v e ly  as the platinum group metals (P.G.M.), or ju s t  'platinum m eta ls ' .
There are several p lant  species which are known to require elements 
other than the sixteen already discussed; some may require addit ional  n u t r ie n ts ,  
others may f ind a replacement. Certain species (halophytes) adapted to
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growing on sa l ine  so i ls  can t o le r a te  qu i te  high levels  of  sodium, some 
eg: AtV'i'p'Lex ve s 'io a r 'ia  may even require sodium as an essent ia l  micro­
nu t r ie n t  (Brownell ,  1965).
Those plants which re ly  on nitrogen f ix a t i o n  by bacter ia  in root 
nodules, require cobalt as an essent ia l  element since vitamin  
required by the b a c te r ia ,  is an e laborate  complex of  cobalt .  (Reisenauer,  
I960; Hallsworth , Wilson and Greenwood, I 9 6 0 ) .  One species, T v 'ifo tiu m  
subteTToneumf has been shown to require cobalt  i r res p ec t iv e  of the 
nitrogen f ix in g  b ac te r ia .  (Wilson and Nicholas, 1967).
S i l i c a  is found in appreciable amounts in most p lan ts ,  however, 
uncerta inty  remains as to i ts  e s s e n t i a l i t y ,  though i t  does function in 
the growth of  some plants (Mitsui and Takatoh, I960,  1963; banning, 
Ponnaiya and Crumpton, 1958).
1.5 Mechanism of  uptake
The mechanism by which plants take up metal ions and transport them 
to various organs has been the subject o f  much controversy among plant  
physio logists .  Bowling (1976) and Epstein (1972) have discussed the 
current  theories of  ion uptake and movement w ith in  plant  roots but the 
process is f a r  from f u l l y  understood.
Early experimenters in th is  f i e l d  soon discovered tha t  metal ions 
are able to d i f fu s e  passively in and out of the root ,  occupying the porous 
ce l l  wall  spaces of the epidermis and cortex. However, metal ions are 
halted a t  the endodermis by the Casparian s t r i p ,  an impermeable b a r r ie r  
to water and ionic solutes.  The volume occupied by the d i f fus ion  of  
metal ions into the plant root can be calculated (Epstein,  1955) and is 
known as the "outer"  space of  the root; i t  is given as:
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However, some of  the metal ions, which d i f fu s e  into the root cannot 
d i f fu se  out because they are e l e c t r o s t a t i c a l l y  held by negat ive ly  charged 
si tes  on the ce l l  w a l l .  This region o f  the wall has dissociated carboxyl 
groups, g iv ing r ise  to the negat ive ly  charged s i t e s ,  and is known as 
the Donnan phase; the volume occupied by metal ions in the Donnan phase 
is ca l led  the Donnan Free Space (D .F .S . )  (Briggs,  Hope and Pitman, 1958).  
The two components of  f ree  space, the f r e e ly  d i f fu s in g  "outer"  space and 
the Donnan Free Space are known c o l l e c t i v e l y  as the Apparent Free Space 
( A .F .S . ) .  Once w ith in  the A .F .S . ,  metal ions must f ind t h e i r  way to 
the s te le ,  which contains the vascular system, a dual plumbing network 
which extends throughout the plant  body. Water and nutr ien ts  are  
d is t r ibu ted  to a e r ia l  parts v ia  the xylem w h i ls t  the products of photo­
synthesis are transported in the phloem. Unable to cross the endodermis, 
metal ions are prevented from d i f fu s in g  into the protoplasm of l iv in g  
c e l ls  by the plasma membrane, the plasmalemma.
I t  is genera l ly  agreed at  th is  point that  the metal ion must cross 
the plasmalemma in the cortex by a process requir ing energy; th is  process 
is termed a c t ive  t ranspor t ,  and involves the act ion of  a sp e c i f ic  c a r r i e r  
which forms a complex with the metal ion on the outer  surface of  the 
plasmalemma. The c a r r i e r - i o n  complex then moves to the inner surface  
adjacent to the cytoplasm. By some molecular or mechanistic rearrangement 
the metal ion is released into the cytoplasm; the metal ion has crossed 
from the apoplasm to the symplasm (Figure 7)* Since the metal ion cannot 
be transported back to the apoplasm, the c a r r i e r  must undergo a change 
in conformation at the inner surface preventing complexation; the process
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is i r rev e rs ib le .  The chemical nature of  the c a r r i e r  has not yet been 
elucidated, but i t  is believed to be re lated to s im i la r  carr ierswhlch  operate  
in animal c e l l s ,  and since the process requires metabolic energy, i t  is l i k e ly  
that the ca r r ie rs  involved are complex enzymes of the adenosine triphosphatase  
(A.I.Pase) group (Epstein,  1373) though no c or re la t ion  between metal uptake 
and A.T.Pase a c t i v i t y  has yet been found. The next stage in the ion transport  
system is not so well agreed. Once in the cytoplasm of c o r t ic a l  c e l l s ,  the 
ion is free to d i f fu se  to an adjoining ce l l  via cytoplasmic connections cal led  
plasmodesmata; thus the ion can cross the endodermis into the s te le  (Figure 7) .
« e
^ • — plasma membrane
centra n  cytopl asmX,
vacuole/ / •
xylem
vessel
C a s p a r ian band •cell wall
s t e la r  ce l l  adjacent to vessels t e la rendoderma1cort icalepidermal
cell  c e l l  c e l l  ce l l
o = di f fus i ng ions 
• = transported ions 
Figure 7. Ion t ransport  across a p lant  root ( a f t e r  E p s te in ,1373)
At one t ime, the mechanism of ion transport  across the plasmalemma of
stelar  ce l ls  was thought to be passive d i f fu s io n .  This has been c r i t i c i s e d
by Epstein, (1373) who proposed that  a "reverse" c a r r i e r  mechanism takes
place in which metal ions are pumped out of the s te la r  symplasm into the
porous cel l  wall  spaces of the s t e le ,  where they d i f fu se  into the xylem
vessels and are transported throughout the p lan t .
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Recent research, based on measuring a potent ia l  d i f fe rence  across the 
root with microelectrodes, has led to an app l icat ion  of the Nernst 
equation. I t  has been shown that  the polar ion f lu x  is powered by act ive  
transport of  anions;the cat ions fo l low  to maintain the ionic balance 
(Bowling, 1976) .
Uptake k ine t ics
The main c h a ra c te r is t ic s  of  ion uptake are that  i t  is highly spec i f ic
and select ive  fo r  the various ions, as well as i r r e v e r s ib le .  In add i t ion ,
the rate of  ion absorption (v) can be monitored and when p lot ted as a
function of the external  concentration,  i t  is found to fo l low Michael is -
Menten k ine t ics  (Figure 8) given by*
V
V = max . [S] 1 . 1
o
max
1 0 . 0
5.0
0.15 0 . 2 00 0.05 0 . 1 0
Figure 8
[K] mM
Rate, V, of absorption of potassium as a function of potassium 
concentration,  ( a f t e r  Epstei n , 1972).
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where, V = maximum ve lo c i ty  of uptake at which the c a r r i e r  is
saturated.
K = Michael is constant,  ie.  the concentration of  the ion
giv ing h a l f  the maximum rate of  absorption.
[S] = ionic concentration.
There have been many reports of ion uptake fo l lowing Michaelis-Menten  
kinet ics involving various p lant  species and metal ions, including  
t rans i t ion  metal ions eg: Mn^ "*", Zn^^, Cu^^.
The Michaelis-Menten equation can undergo l in e a r  transformation to 
yield s t ra ig h t  l in e  p lo ts ,  (Figure 9) which are useful fo r  checking the 
f i t  of experimental parameters and ca lcu la t in g  and K^; eg. by taking
reciprocals on both sides of the equation:
1 K 1
+
V [S] V max max
1.2
-3-At low ionic concentrations (< 1 m mol dm ) where simple Michael is -  
Menten k in e t ic s  are fo l lowed,  the mechanism is highly spe c i f ic  for a 
p ar t icu la r  cat ion;  even elements in the same group of the Periodic Table 
have no e f f e c t  on uptake; the mechanism is in d i f f e r e n t  to anion uptake also.
max
max
(b)
max
V
max
V
[ 5 ]  [S]
Figure 9. (a) Lineweaver and Burk p lo t ;  (b) Hofstee p lot ,  ( a f t e r  Eps t e i n . 1372)
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When the ionic concentration exceeds that  of  V (> 1 m mol dm”^) a l lmax
carr ie r  s i tes  fo r  that  cat ion are assumed to be occupied; the c a r r ie r  
system is saturated.  A p lot  of  rate  of  potassium uptake against increased 
potassium concentration,  fo r  example, suggests th a t ,  l i k e  the f i r s t  
mechanism, Michaelis-Menten k ine t ic s  are operating but for  a second quite  
d is t in c t  mechanism (Figure 10) .  This second uptake mechanism at  the higher  
concentration is d i f f e r e n t  from the f i r s t  because other cations in te r fe r e
-  30
cn
-  20
[K] in mM
Figure 10. Rate of  potassium absorption by bar ley roo ts .
(Modif ied a f t e r  Epstein and Rains, I 965) "
with i t  and i t  is sens i t ive  to the anion used. Further studies have 
suggested that  over a range of concentrations, a multiphase mechanism may 
operate,  where mechanism one is an act ive  process fol lowing M ichae l is -  
Menten k ine t ics  at  low concentrations (Figure 10).
I t  is generally  agreed that the location of mechanism one for most 
ions is in the plasmalemma. The second mechanism which operates at  higher  
concentrations is not well understood and is suggested by some to operate
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in pa ra l le l  w ith  mechanism one, i . e .  in the plasmalemma also (Epstein,
1965, 1966) .  Other workers, recognising the two d i s t in c t  mechanisms
have suggested two locat ions;  as well  as the plasmalemma fo r  the f i r s t
mechanism, the tonoplast is suggested as the s i t e  o f  the second
mechanism, which operates in ser ies  with  the f i r s t ,  (La t ies ,  19^9)•
This has been c r i t i c i s e d  on the grounds o f  an u n l ik e ly  assumption that
the plasmalemma becomes more permeable to ions a t  concentrations greater  
- 3
than 1 m mol dm and the mechanism on the tonoplast  becomes the rate
determining step (Bowling, 1976).
Although, exper im enta l ly ,  the rate  of  uptake can be determined
quite e a s i l y ,  the rate  v,  the Michael is constant K and V are e n t i r e ly   ^  ^ m max ’
dependent on a great  many fac tors ,  such as temperature, root radius and 
length, quant i ty  and q u a l i ty  of  l i g h t ,  so i l  p a r t i c le  s iz e ,  soi l  pH, 
oxygen a v a i l a b i l i t y ,  competing ions, e t c . ,  which a l l  contr ibute  to the 
rate o f  uptake.
1 .6 T o x ic i ty  and tolerance
Indicator  plants
i t  is well  known that  excesses or de f ic ienc ies  o f  metal ions can 
have profound e f fe c ts  on the growth o f  p lants .  Many plant  communities 
can serve as ' in d ic a t o r s '  o f  areas where m inera l isa t ion  Is l i k e l y  to 
occur. Some examples of  unique f lo ras  which are c h a r a c te r is t i c  of soi ls  
containing high leve ls  o f  heavy metals Include the serpentine f lo ra s ,  
which can be used to locate chromite deposits (Lyon e t .  a l . ,  I 968) and 
the galmei f lo ras  which ind icate  z inc deposits (Brooks, 1972).
ind icator  plants can occur on mineralised s i te s  which are n a tu ra l ,  
such as ore bodies, or which are manmade; the resu l t  o f  mining spo i ls ,  
industr ia l  waste t ips  and the deposit ion of  t a i l i n g s .  The factors which 
govern the colonisat ion  of  such s i tes  include the type o f  minera l isat ion
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present,  the status of  nu t r ie n ts ,  drainage and soi l  pH. Many plant  
species f ind high concentrations of  heavy metals tox ic  and are unable 
to survive; some species which can survive ass im i la te  the heavy metals 
present to a degree where they become accumulators. An accumulator is 
defined as having a metal concentration in the t issues which is greater  
than that in the so i l  (Peterson, I 98 I ) .  Indicators may not necessari ly  
be accumulators.
Some c lass ic  examples of  s p e c i f ic  ind ica tor  species include V io la  
lu te a  (Schwickerath, 1931) fo r  z inc ,  Beoiim  hom hle i (Horizon, 1959) and 
A rm eria  m a v itw ia  (Henwood, 1857) fo r  copper. The A s tv a g d lu s  species 
accumulate selenium, but ind icate  uranium since the two elements are 
often found together (Cannon, 1952).
The science o f  ind ica tor  geobotany is now well  established and 
l i s t s  o f  ind ica tor  species have been reported (Cannon, I 96O) (Brooks, 
1972) .  The m u l t id is c ip l in a r y  nature of  th is  f i e l d  has brought important  
contr ibut ions from many specia l ised areas. The commercial app l ica t ion  
of  the technique in various parts o f  the world has led to contr ibut ions  
from the U.S.S.R.  (Malyuga, 1964) (Chikishev, 1965) (V iktorov et  a l . ,  
1964), Canada, A u s t r a l ia ,  South A f r ic a  and the U.S.A. (Cannon, I 96O) 
(Cole, 1965) (N ico l ls  e t  a l . ,  1965).
Toxici  ty
Elements may be c l a s s i f i e d  according to t h e i r  t o x i c i t i e s .  Bowen
( 1966) has suggested three groups:
1. Very t o x i c : those elements such as bery l l ium,  copper, mercury,
s i l v e r  and t i n ,  which are toxic  at concentrations of  less than
1 ppm i n the soi 1.
2. Moderately t o x i c : tox ic  symptoms become apparent a t  concen­
t ra t ions  ranging from 1-100 ppm. Examples are the ' d ' block and
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most of  groups I I I ,  IV, V and VI o f  the per iodic tab le .
3 . Scarcely t o x i c : th is  group includes the macronutrients
ni trogen,  phosphorus and sulphur,  the 's '  block and the halogens. 
Heavy metal t o x i c i t y  in plants o f ten  results  in changes in morphology 
such as ch loros is ,  dwarfism, abnormally shaped f r u i t s ,  necrosis of  
leaves and stunt ing of  root growth. The physiology o f  metal t o x i c i t y  
in plants has been reviewed recent ly  (Foy e t .  a l . ,  1978).  Among 
t rans i t ion  metals ,  chromium t o x i c i t y  results  in chlorosis  of  leaves 
(Hewitt ,  1953) ;  cobalt  increases the chlorophyll  in some species and 
causes chlorosis in others,  w h i ls t  copper results  in chlorosis and 
dwarfism (Duvigneaud, 1959) (Hew it t ,  1953).  Iron t o x i c i t y  gives r ise  to 
a darkening o f  leaves (Burghart,  1956) and manganese, chlorosis  with  
white blotches (Lohnis,  1950, 1951).  The tox ic  e f fe c ts  of  molybdenum 
were reported as the formation of  abnormally coloured shoots (Warington,  
1937) and nickel  causes chlorosis and necrosis of  leaves (Hewit t ,  1953).
The most common toxic  e f f e c t  o f  heavy metal ions is ch lorosis ,  
which is a c h a ra c t e r is t i c  symptom o f  iron d e f f ic ie n c y .  In a study 
carr ied out by Hewitt  (1948),  the e f fe c ts  of  some heavy metal cations  
were monitored and the sev e r i ty  o f  chlorosis  was observed to be in the 
order of :
Co^+ > Cu^+ > Zn^+ > N i^ +  > Cr^+ > Mn^+ > Pb^+
However, other  tox ic  symptoms were also ev ident ,  p r i n c i p a l l y  dwarfing 
and necrosis,  which were q u i te  d i s t in c t  from the induced ch loros is .  On 
this basis a second t o x i c i t y  order was established:
N i^ * > Co^^ »  Zn^* > Cu^* »  Cr^^ = Mn^+ = Pb^^
That the induced chlorosis was due to a f a i l u r e  in iron metabolism was 
shown by paint ing the l e a f  surface with i ro n ( I  I )su lphate  solut ion which
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restored chlorophyl l  production. The mechanism by which heavy metal 
chlorosis is induced is not f u l l y  understood but is believed to be 
related to the tendency for  metal t o x i c i t y  to increase with the 
s t a b i l i t y  constant o f  various organometal1ic complexes (De Kock, 1956) 
(Mel lo r  and Maley, 1948). in a review of  tox ic  e f fe c ts  in animal c e l l s .  
I t  was reported that  metals such as copper, gold, lead and mercury were 
found to reduce the perm eabi l i ty  o f  the ce l l  membrane, preventing the 
transport o f  potassium,sodium and organic molecules (Passow e t .  a l . ,  
1961) .
Toierance
Plants which are able to grow on s o i ls  with metal concentrations  
which are normally tox ic  are ca l led  metal to le ra n t .  Various mechanisms 
of tolerance have been proposed to expla in  how some plants have been 
able to cope with tox ic  condit ions and fu r th e r ,  how some species have 
developed t h e i r  own t o le ra n t  ecotypes (Antonovics et  a l . ,  1971) 
(Wainwright and Wool house, 1975); indiv idual  mechanisms of  metal 
tolerance have been reviewed recent ly  (Farago, 1981).
Mechanisms are genera l ly  divided into externa l and in te rnal  types.  
The former covers very few s i tua t ions  in which the metal is rendered 
unavai lable to the root.  Within the root the l a t t e r  operates preventing  
t o x i c i t y .  In ternal  mechanisms are numerous but can be grouped loosely 
under four headings (Farago, 1981):
1. Metal is a v a i la b le  to p lant  root but is not taken up. 
e.g .  excretion of  che la t ing  agent rendering toxic  metal 
unavai lable .
2.  Metal is taken up but rendered harmless to metabolism within  
the p l a n t .
e .g .  deposit ion in the ce l l  wall  or vacuole.
3* Metal îs taken up but excreted 35^
e .g .  by g u t ta t io n , le a c h in g  or l e a f  f a l l
4 . Metal is taken up but metabolism is a l te re d  d r a s t i c a l l y  to
accommodate i ncreased concentra t ion .
e .g .  increase in s p e c i f ic  enzymes a f fe c te d .
The binding o f  the metal as a highly s table  complex, deposit ion in the 
cel l  wall or  vacuole and metabolic adaption are some o f  the more 
important o f  these in terna l  mechanisms and have been discussed in de ta i l  
elsewhere (Mullen, I 980) ( P i t t ,  1977).
Several methods are a v a i la b le  fo r  measuring heavy metal to lerance  
using rooting tests  (Wi lk ins ,  1957, 1978) (Jowett,  1958, 1964).  The 
' p a r a l le l  method' described by Jowett (1964) was modified l a t e r  by 
McNeil ly and Bradshaw (1968) and used to measure the index of  tolerance  
for copper in A g ro s t is  s t o lo n i f e r a  (Lin Wu, Bradshaw and Thurman, 1975).  
T i l l e r s  of  comparable s ize  and age were grown in a so lut ion of  calcium 
n i t r a t e  (0 . 5g dm ^) and in calcium n i t r a t e  plus a known concentration of  
copper. The index o f  to lerance is given as
index = Mean length of  longest root in so lut ion with copper
Mean length of  longest root in so lut ion  without copper
The 'se r ies  method' devised by Wilkins (1957) d i f f e r s  s l i g h t l y ;  plants  
were grown in calcium n i t r a t e  so lu t ion  fo r  s ix  days and the longest  
roots measured for  a given period.  The plants were then t ransferred  to 
calcium n i t r a t e  solut ion containing copper and the root growth measured 
again over a given period. The measurements were used to ca lcu la te  the 
tolerance index as before. Further studies have concluded tha t  plants 
which are to le ra n t  to one p a r t i c u la r  metal are not necessari ly  to le ra n t  
to high concentrations o f  other  heavy metals. For A g ro s t is  i t  was found 
that  the to lerance mechanism is highly spec i f ic  fo r  copper, zinc and 
lead in d iv id u a l ly  (Gregory and Bradshaw, 1965).
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1.7 Inorganic biochemistry of  the platinum group metals
1.7.1 Background
The s ix  heaviest  elements in Group V IM  are known c o l l e c t i v e ly  as 
the platinum group metals: platinum, palladium i r id ium ,  ruthenium,
rhodium and osmium. They are rare metals, platinum being the most 
abundant, and t h e i r  increasing ind u s t r ia l  importance is due to various 
technological uses, such as in the manufacture of  high octane p e t r o l ,  
f e r t i l i s e r s ,  pharmaceuticals,  vi tamins,  a n t ib io t i c s  and laser  c ry s ta ls .  
The metals are used also in coinage, d e n t is t ry ,  j e w e l l e r y ,  ceramics,  
electronics  and in s c i e n t i f i c  apparatus. Their  useful propert ies ,  such 
as chemical inertness and high melt ing points earned them the name 
' Noble Meta ls ' .
Because o f  the increased demand fo r  the platinum group metals 
(P.G.M.) doubts have ar isen as to the fu ture  a v a i l a b i l i t y  o f  adequate 
supplies. Almost a l l  indust r ia l  supplies are met by the three primary 
sources o f  P.G.M.'s: South A f r ic a ,  Canada and the U.S.S.R. in 1924 Hans 
Merensky discovered extensive deposits of  platinum bearing ores, now 
called ' the Merensky R e e f  in South A f r ic a ,  and today, both Canada and 
South A f r ic a  provide fo r  the greater  part of  the western world 's  needs 
(Hunt, 1971) .  The platinum ores of  Canada and the U.S.S.R. are mined 
pr im ar i ly  fo r  copper and nickel with the P.G.M.'s as by products. The 
Merensky Reef is worked p r im a r i ly  for  the P .G .M . 's ;  copper and nickel  
are by products, there fore  an increased world demand for  platinum 
causes the South Afr ican mines to respond by increasing production 
without being swamped with  stocks of copper and nickel (Hung and Lever,
1971) .
Two recent s c i e n t i f i c  advances have extended the use of  platinum 
but have, a t  the same time given r ise  to an in te re s t  in the interactions
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of platinum metals and t h e i r  complexes in b io log ica l  systems. (Le Roy, 
1975) (Moore e t  a l . ,  1975).  The amendments to the Clean A i r  Act (1970) 
in the U.S.A. have meant tha t  a l l  cars from 1975 must have a c a t a l y t i c  
converter containing platinum and pal ladium, which can reduce the 
concentration of  carbon monoxide and hydrocarbons in the exhaust gases 
by c a t a l y t i c  ox idat ion  to carbon dioxide and water.  Some are concerned, 
p a r t ic u la r l y  about the p o s s i b i l i t i e s  o f  fu r th e r  heavy metal po l lu t ion  
of the environment (Johnson et  a l . ,  1975) (D u f f ie ld  e t  a l . ,  1976).  I t  
is not c le a r  how much platinum ( i f  any) is emitted from such converters,  
or in what form. Brubaker et  a l . ,  (1975) claim an estimated loss per car  
of  1.49g per uni t  and there is one report o f  an emission of  20yg Pt per 
veh ic le -m i le  (Newkirk e t  a l . ,  1973).
The second recent advance has been in the f i e l d  of cancer 
chemotherapy where platinum is administered as a drug; th is  has led to 
to x ico lo g ic a1 in te re s t  in the P.G.M.'s  (Wiester,  1975) (Holbrook et  a l . ,  
1975).
1 .7 .2  Cancer chemotherapy
The i n i t i a l  discovery o f  platinum ant i  tumour a c t i v i t y  happened 
when Professor B, Rosenberg o f  Michigan State Un ive rs i ty  was in v e s t ig ­
ating the e f fe c ts  of  an e l e c t r i c  f i e l d  on the bacter ia  E so hev ioh ia  c o H  
using platinum e lectrodes.  The c e l l s  stopped d iv id ing  but growth 
continued producing long f ilamentous bacter ia  (Rosenberg, 1965).  Some 
very extensive de tec t ive  work led to the conclusion that  the e n t i t y  
blocking ce l l  d iv is io n  came from the platinum electrodes (Rosenberg et  
a l . ,  1967) .  I t  was discovered that  the a c t ive  species was a 
coordination complex of  platinum formed by photochemical reactions in 
the cu l ture  medium. Two a c t ive  complexes were found: ci s
diamminedichloroplatinum ( I I ) and cis diamminetetrachloroplatinum (IV)
(Fi gure 11).
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A series o f  invest igat ions revealed that  only c e r ta in  spec i f ic
configurations of  platinum complexes were b io lo g ic a l l y  ac t ive ;  the cis
isomers generally  achieve In h ib i t io n  o f  growth or c e l l  d iv is ion  whils t
the trans isomers are inac t iv e .  The neutral  complex o f  platinum ( I I )
( f i g . 11(a ) )  was given a standard ant i  tumour tes t  to determine i ts
s u i t a b i l i t y  as a candidate fo r  more de ta i led  tes t ing  (Rosenberg e t  a l . ,
1969) .  These results  were the f i r s t  evidence tha t  platinum complexes
Cl
Pt Pt
Cl
(a) (b)
Figure 11. Platinum ant i  tumour complexes:
(a) c is  diamminedichloroplatinum (I  I)
(b) c is  diamminetetrachloroplatinum ( IV )
were ac t ive  ant i  tumour agents.
The complexes were submitted to the U.S. National Cancer I n s t i t u t e  
for  screening against a standard leukaemia tumour in mice. The resul ts  
confirmed ant i  tumour propert ies .  Further  research (Rosenberg and Van 
Camp, 1970) has shown that  cis diamminedichloroplatinum ( I I )  can e f fe c t  
a complete cure i . e .  where treated animals not only produced no fu r the r  
tumour growth but had also developed an immunity when rechallenged with 
the same tumour. Various developments of the drug from these ear ly  
t r i a l s  to the o f f i c i a l  approval fo r  cancer t reatment,  have been reviewed 
recently (Rosenberg, 1971, 1978, I 98O) (Wiltshaw, 1979).
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The f i r s t  c l i n i c a l  t r i a l s  with  humans were conducted in 1972 
(De Conti,  e t  a i . ,  1973) (Connors and Roberts, 1974); fu r the r  t r i a l s  
followed (Yagonda e t  a l . ,  1976).  Toxic side e f fe c ts  were reported,  
p a r t ic u la r l y  damage to the kidney and to a lesser extent  bone marrow; 
d is t r ib u t io n  studies had indicated that  platinum accumulated in the 
l i v e r  and kidney (Lange e t  a l . ,  1972, 1973).  Minor e f fe c ts  included 
i r r i t a t i o n  o f  the in te s t in a l  l in in g  causing intense nausea and vomiting 
along with some hearing defects .  Because of  i t s  tox ic  e f fe c ts  on those 
ce l ls  which d iv ide  most rap id ly ,  the drug is classed as cytotoxic  
(Leonard e t  a l . ,  1971).
Further studies have establ ished that  combination therapy, invo lv ­
ing use of  the platinum complex and another chemotherapeutical agent 
e.g. adriamycin, o f fe rs  the best treatment fo r  a wide v a r ie ty  o f  
tumours (Bruckner e t  a l . ,  1976).  From March 1979, the Department of  
Health and Social  Secur ity  in the U.K. have given o f f i c i a l  approval for  
the complex c is  diamminedichloroplatinum ( i l )  to be c la s s i f i e d  as a drug 
for  the treatment o f  t e s t i c u l a r  and ovarian tumours. In the U.K. i t  is 
formulated under the trade name 'N e o p la t in ' ;  in the U .S.A. ,  i t  is known 
as ' C i s p l a t i n ' .
The anti  tumour mechanism by which c i s p l a t in  operates is not well  
understood. Inorganic chemists have contributed in the area of  
s t r u c t u r e - a c t i v i t y  re la t ionsh ips  (Wil l iams, 1972) (Cleare and Hoeschele, 
1972) (Braddock e t  a l . ,  1975) (Tobe and Khokhar, 1977) (Cleare e t  a l . ,  
1978; 1980) .  These studies have examined the re la t ionsh ips  between the 
var ia t ion  in stereochemistry,  physical and chemical propert ies of a 
range o f  platinum complexes, w ith  observed ant i  tumour a c t i v i t y .  Although 
i t  is s t i l l  d i f f i c u l t  to pred ic t  ant i  tumour a c t i v i t y ,  several common 
features have emerged from t h e i r  work. For those complexes exh ib i t ing
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anti tumour a c t i v i t y ;
1. Only some of  the l igands exchange rap id ly .
2. Complexes should be e l e c t r i c a l l y  n eu tra l ,  though the
ac t ive  form may be charged w ith in  the c e l l .
3 . Geometry: should be square planar or octahedral.
4. Ligands: leaving group; one bidentate or two cis
monodentate; t ransform in ac t iv e .
5 . Ligands: rates of  exchange must be l im i te d .
6.  Leaving groups should be 0 . 3 ”0.4nm apart .
7 . The non-exchanging l igands should be strongly  
bonded in e r t  amine systems.
Within the body the c i s p l a t in  molecule is transported throughout 
the plasma, where a high ch lor ide  concentration prevents exchange of  
the chloro l igands which are k i n e t i c a l l y  more l a b i l e  than ammine
ligands. The h a l f  l i f e  fo r  the drug w ith in  the body is about one hour;
i t  is mostly excreted.  About 5% o f  the drug is associated with proteins.  
Some o f  the drug crosses the ce l l  membrane as the neutral  complex, with  
no ac t ive  t ransport .  The ch lor ide  concentration inside the ce l l  is much 
lower and exchange o f  the chloro l igands takes place:
I I P t ( N H + HgO [Pt(NHj)2(H20)Cl]"^ + Cl"
+ H^ O + Cl"
The exchange could involve hydroxide ions (OH ) but th is  would depend on 
the pH inside the c e l l .
Research has shown that  in mammalian c e l l s ,  c is p la t in  can form 
crosslinks between the two strands o f  the double h e l i x  o f  D.N.A.
(Harder and Rosenberg, 1970). I t  does not bind with the sugar-phosphate 
backbone, but with  the ni trogen bases. Other invest igat ions have shown
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how the various platinum ( I I )  complexes can s t im ulate  renaturat ion of  
D.N.A., confirming formation of  in terstrand cross - l in ks  (Horacek e t  a l . ,
1972) (Drobnik and Horacek, 1973).  Recent studies have led to some 
controversy over the exact mode o f  binding between D.N.A. and c is p la t in  
(Kelman and Peresie ,  1979). I t  would appear tha t  a v a r ie ty  of  reactions  
with D.N.A. is possib le ,  including in te rs trand  and in tras trand  cross-  
l ink ing as well as reactions with  indiv idual  bases, the most l i k e l y  of  
which is guanine a t  the 0^ posit ion  (Rosenberg, I 98O, 1981).  This is 
supported by X-ray photoelectron spectroscopy, which indicates that  
chelation o f  N^(Gua).0 ^ (Gua) occurs with c i s p l a t in  ( M i l l a r d  e t  a l . ,
1975) .
Since the development of  c i s p l a t i n  as a v iab le  ant i  tumour drug, 
there has been fu r th e r  in te re s t  in complexes of  the other  members of  
the platinum group and second generation platinum complexes are now 
being screened fo r  s im i la r  ant i  tumour propert ies .  Several platinum  
containing analogues, selected on the basis of  pre l im inary  s t ru c tu re -  
a c t i v i t y  invest igat ions (Cleare et  a l . ,  1 97 8 ) ,have been examined 
fu r ther  and recommended fo r  c l i n i c a l  t r i a l s ,  (Wolpert-De F i l ippes,
1980) pending t o x i c i t y  tes t ing  (Figure 12). Some t h i r t y  d i f f e r e n t  
complexes o f  pal ladium, rhodium and ruthenium have been screened fo r  
anti  tumour a c t i v i t y  a l ready,  and more than 5% were found to be ac t ive  
(Wolpert-De F i l ippes ,  I 980) .  At present platinum complexes appear to 
be the most a c t iv e .
1 . 7.3  In te rac t ion  with microorganisms
The f i r s t  report o f  in te ra c t io n  with bacter ia  was in 1903 (Zinno 
and Cutolo, 1903) when a so lut ion of  i r id ium ch lor ide  exhib i ted a n t i ­
bacter ia l  a c t i v i t y .  I t  wasn't  un t i l  Rosenberg discovered that  
platinum complexes inh ib i ted  the growth of  E, c o t i .  that  fu r the r
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(b)
NH-
NH.
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(c)
0 — C
Figure 12 C is p la t in  analogues: (a) I ,2-diaminocyclohexane
malonatoplatinum ( l i ) ;  (b) Diammine ( 1 , 1 -cyclobutane  
dicarboxyla to)  platinum ( I I ) ;  (c) 1,2-diaminocyclohexane (4' 
carboxyphthalato) platinum ( l i ) .
investigations were undertaken to examine the in te rac t ion  with  micro­
organisms. Much of  the work was aimed at  e luc ida t ing  the mechanism by 
which c i s p l a t in  operates; on repression and induction of enzymes 
(Drobnik et a l . ,  1972); and on b a c te r ia l ,  v i r a l  and t issue cul ture  
studies (Roberts,  1974).
E sch e rich 'ia  o o l i  have been invest igated extensive ly  as to the 
effects  c is p la t in  has: on various s t ra ins  (Beck, 1974) (Drobnik,  1973)
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(Matlova, 1975); on in h ib i t io n  of  c e l l  d iv is ion  (Gringrich and Beck, 
1978) ;  and on mutagenic propert ies  (Beck and Brubaker, 1975). Ruthenium, 
as the complex d ic h lo ro te t ra k is  dimethyl sulphoxide ruthenium ( l i )  
induced f i lam enta t ion  in E. e o t i  (Monti-Bragadin, e t  a l . ,  1975).
Similar  e f fe c ts  were observed with  the neutral  complex c is  trisammine 
t r i c h lo ro  ruthenium ( I I I )  and the charged complex potassium 
aquopentachlororuthenate (I I 1), but the palladium complexes invest igated  
were tox ic  at  high concentrations and exh ib i ted  no f i lam enta t ion  a t  low 
concentrations (Durig et  a l . ,  1976).  Further studies with a range of  
ruthenium complexes have confirmed such e f fe c ts  and i t  has been shown 
that for  dimeric ruthenium complexes, f i lament  inducing a c t i v i t y  is lost  
when the metal is oxidised from the ( I I ,  I I I )  s ta te  to the ( I I I ,  I I I )  
sta te .  (Gibson, Hughes and Poole, 198O) (Gibson, I 98 I )  Some e f fec ts  of  
organorhodiurn complexes e .g .  trans d ichloro te t rap yr id y l  rhodium ( I I I )  
ch lor ide,  are reported with  a v a r ie ty  of  s t ra ins  of  E. c o t- i (Bromfield 
et a l . ,  1969) (Gil la rd ,  I 98 I ) .
Tox ic i ty
With the in troduct ion of platinum car exhaust c a ta ly s ts ,  in 1975, 
in te res t  in the t o x i c i t y  o f  the platinum group metals increased. Hysell  
et a l . ,  ( 1975) found tha t  rats exposed to the exhaust gases emitted with  
the new c a t a l y s t ,  contained no detectable concentrations of platinum or  
palladium in t h e i r  t issues.  Deta i led studies of  the nature of  P.G.M. 
to x ic i t y  have been carr ied  out on rats la rge ly  (Fisher et  a l . ,  1975),  
and have included; cardiovascular  actions of palladium compounds in rats  
(wiester ,  1975) ;  d i s t r ib u t io n  of  various platinum compounds in rats  
using rad ioact ive  p l a t i n u m - 191 (Moore et  a l . ,  1975); t issue cu l ture  
methods have been used also (Waters e t  a l . ,  1975).  Holbrook, e t  a l .  
( 1975) used rats to eva luate the t o x i c i t y  o f  various sa l ts  o f  lead.
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manganese, platinum and palladium. I t  was found tha t  the t o x i c i t y  was 
in some cases dependent on the method of  adm inis tra t ion .  The t o x i c i t y  
order for  oral  adminis tra t ion  was:
PtCl^; Pt(S0^)2.^H^0 > PdCl2y2H20; RuCl^ > MnCl2.4H20;
PdSO^; PbCl^; PtCl^ > PtO^ > MnO^; PdO.
The most tox ic  compounds were the two soluble Pt*^  s a l t s .  When 
administered by in t r a p e r i to n e a 1 in je c t io n ,  the order o f  t o x i c i t y  
becomes
PdCl2.2H20 > P t ( 50^ ) 2 . 4H2O; MnCl2.4H20; PdSO^; PtCl^ >
PbCl2; PtCl2
In another study by Schroeder and Mitchener (1971) the toxic  
e f fec ts  o f  rhodium and palladium on mice were invest igated along with 
several other  metals.  Rhodium was found to have least  e f f e c t  on body 
weight,  and although palladium supressed growth in male mice, those fed 
with palladium in t h e i r  d iets  l ived  s i g n i f i c a n t l y  longer than controls .  
Similar  resu l ts  were recorded for  rhodium fed mice. Both palladium and 
rhodium appeared tumourigenic and carcinogenic.  Oral t o x i c i t y ,  based on 
growth rate  suppression, was assigned the fo l lowing order:
Ga > Yt > Sc > In = CrO^^ > Pd > Rh.
As part o f  the c a ta ly s t  research program of  the U.S.A. Environment 
Protection Agency, D u f f ie ld  e t  a l . ,  (1976) carr ied  out human autopsy 
analysis for  platinum. The aim was to es tab l ish  baseline data for  
platinum content o f  various human tissues p r io r  to the widespread 
introduction o f  car exhaust c a ta ly s ts .  The range of  platinum
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concentrations detected was 0.003 -1 .4 6 p g  g  ^ (wet t is s u e ) ,  the highest  
levels being found in subcutaneous f a t ,  fol lowed by the kidney, pancreas 
and l i v e r .  In a previous programme, Johnson et  a l . ,  (1975) had analysed 
samples of  blood, h a i r ,  ur ine and faeces from people l i v in g  in Southern 
C a l i fo rn ia .  Detectable levels  of  platinum were only found in composite 
blood samples (0.049 -  0 . l80yg 100cm ^ ) . Platinum and palladium were not 
detected in any indiv idual  samples.
I t  is a well  known fac t  that  platinum can cause an asthmatic  
condit ion in c e r ta in  sensit ised people who come into  contact with  
soluble platinum sa l ts  in the course of  t h e i r  employment. This condit ion  
has been observed f requent ly  in s t a f f  a t  platinum r e f in e r ie s  (Hunter,  
et a l . ,  1945) (Roberts,  1951). Research into the cause of  th is  a l le rg y ,  
cal led P la t in o s is ,  is scarce, but i t  is b e l ieved that  platinum complexes, 
p a r t i c u la r l y  the hexachloroplat inate  IV anionic  complex, are responsible  
for  the development o f  p la t in o s is  in humans (Sa inde l le ,  et  a l . ,  1968).
The evidence so f a r  indicates that  the platinum s a l t  does not act  
d i r e c t ly  but may release tox ic  substances, such as histamine, in the 
body. (Parro t ,  e t  a l . ,  I 969) (Saindel le  and Ruff,  1969).
Osmium te t ro x id e  is well  known as a highly tox ic  and v o l a t i l e  
substance which can cause burns and i r r i t a t e  the resp i ra tory  t r a c t .  I t
has become well establ ished as a f i x a t i v e  in h is to logy ,  though the 
mechanism is not well understood. More recently  i t  has become useful as 
a f ix a t i v e  in e lec t ron  microscopy and some of  i ts  reactions with  
biological t issues are known. I t  can react in l i p i d  forming cross l inks  
between the double bonds (Bahr, 1954) (Korn, 1967).
Uptake by plants
There are very few references to the uptake and e f fe c ts  of the 
platinum group metals in p lants .  The e a r l i e s t  studies carr ied  out were
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l imited to platinum and pal ladium. Brenchley (1934, 1946) reported that  
palladium in te r fe re d  with  p lan t  growth and Somers (1959) observed that  
palladium was tox ic  to fungi .  In 1942, Hamner demonstrated that  
platinum applied as hexa c h lo r o p la t in ic  IV acid could adversely a f fe c t  
tomato and bean plants grown by sand cu l tu re  methods.
More recent ly ,  the uptake of  palladium by Kentucky bluegrass 
{Foa p ra te n s ïs  L) and i ts  e f f e c t  on plant  growth have been invest igated  
(Sarwar e t  a l . ,  1970). Small q u a n t i t ie s  of  palladium ( I I )  ch lor ide  
added to the n u t r ie n t  solut ion were found to s t imulate  growth but high 
concentrations were to x ic .  Palladium has been detected in l imber pine 
{F inus fZ e x 't 'i 'is )  (Fuchs and Rose, 1974) and the uptake o f  palladium by 
vegetation has been invest igated by Kothny (1976, 1979) where palladium  
content fo r  several species was reported,  including Querous ckrysoZeps 'ls  
with a value o f  400ppb in p lant  ash. Seasonal va r ia t ion s  were noted, in 
the concentration o f  palladium in ash o f  Jug la n s  h in d s i 't  leaves and 
sta lks .  In one report (Rudolph and Moore, 1972) several species were  
analysed fo r  platinum, and one, E v 'ttT 'td rlvm  oham'isson'Cs D.C, known as 
the platinum flower appears to ind icate  in d i r e c t l y  platinum deposits.
Platinum group metals were among those tested fo r  t h e i r  e f fe c ts  on 
the n ico t ine  level o f  tobacco plants {N ïaotïrana tdbaoum L , )  grown 
hydroponical ly ; platinum and pal ladium d e f i n i t e l y  increased n icot ine  
yie ld  (>25%); rhodium and ruthemium possibly (<25%) increased the y ie ld  
whilst  ir id ium and osmium possibly decreased the n ico t ine  y ie ld  (Tso, 
et a l . ,  1973). The environmental aspects of  ruthenium are a special case, 
since various rad ioact ive  isotopes, in p a r t ic u la r  ^^^Ru and ^^^Ru, are 
produced during the f is s io n  of nuclear fuels  and form a s ig n i f ic a n t  
amount of  nuclear waste (Brown, 1976).
In two independent studies conducted at about the same time,
47.
platinum uptake by h o r t ic u l t u r a l  crops was invest igated (Pal las  and 
Jones, 1978) (Farago, Mullen and Payne, 1979).  Tomato, bean and corn 
plants were grown hydroponical ly in the presence of  platinum. Both 
studies concluded tha t  platinum is taken up by the roots and some is 
transported to the tops; dry weights are a f fec ted  and chlorosis is 
evident a t  the highest leve ls .  Both confirmed Hamner's f indings that  
the water content of  plants treated with platinum is a f fec ted .  Pallas  
and Jones added tha t  a decrease in manganese uptake accompanied the 
increase in platinum uptake.
Farago e t  a l .  extended t h e i r  study to include palladium and 
rhodium. They found a s im i la r  uptake took place,  though rhodium 
appeared to be less tox ic  a t  high leve ls .
Several papers report de ta i le d  invest igat ions of  P.G.M. complexes 
and plant  c e l l s .  (Bournique, e t  a l . ,  1976) (Scheuchenko, 1977) (Benedict, 1970). 
Ivanov et  a l .  (1976) have shown that  there is a c o r re la t io n  between the 
a b i l i t y  o f  these complexes to in h ib i t  ce l l  d iv is ion  in corn roots and 
t h e i r  known ant i  tumour a c t i v i t i e s .
A recent patent claimed that  the f r u i t  o f  banana and c i t r u s  plants  
could be used to e x t r a c t  a range o f  rare and precious metals,  including  
platinum and rhodium (Bumbalek, 1977, 1978). The dubious claims were 
substantiated with results  o f  analyses by neutron a c t iv a t io n ;  some 
200 -8 .OOg Rh were reported present in 1 kg of  banana ash. I t  would seem 
from studies o f  NAA. o f  platinum at  leas t ,  in p lant  m ater ia ls ,  that  the 
technique suf fers  from many interferences which can lead to erroneous 
results (Z e is te r  and Greenberg, I 98 I )  (Farago and Parsons, I 98O).
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CHAPTER
ANALYTICAL METHODS
2.1 Plant t issue analysts  
Background
Most t race  analysis  of  p lant  mater ia ls  involves three basic steps.  
F i r s t ,  homogeneity must be ensured by careful sample preparation.  The 
plant mater ia l  is e i t h e r  oven dried a t  around 110°C, to constant weight,  
or a l t e r n a t i v e l y ,  f reeze dr ied ,  since the p la n t 's  fresh weight can vary 
with atmospheric r e l a t i v e  humidity.  Though drying can be imprecise,  
standardised condit ions can achieve a r e p r o d u c ib i l i t y  o f  between 0.5 and 
1% (Bowen, 1974).  The dr ied plant  mater ia l  is ground in a bal l  mi l l  to 
provide a representat ive  sample fo r  ana lys is ,  the results  of which are 
normally quoted on a dry weight basis.
The next step, in preparing plant mater ia l  fo r  trace metal 
determination, is to remove the organic matter present by ox idat ion.
This is necessary fo r  most modern ana ly t ica l  techniques except those 
described as 'non-destruct ive '  methods, such as instrumental neutron 
ac t iva t ion  analysis  (INAA) and several X-ray methods (e .g .  X .R .F . ,
P . I . X . E . ) .
Dry ashing
This method of  ox id is ing organic matter is s a t is fa c to ry  up to 
500°C fo r  most elements, (Roche Lynch, 1954) though some v o l a t i l e  
elements such as Hg, As and Se may be los t .  The sample is usually  
placed in a s i l i c a  container  and :heated in a muffle  furnace so as to 
control the temperature and maintain a steady f low of a i r  over the 
sample. The ash may be dissolved in acid fo r  metal determination.
This technique is not without i ts  problems; as well  as the loss
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of v o l a t i l e  elements, e r r o r s  may occur which are due to spray and 
dust, and reactions with the c ru c ib le  and some apparent losses are due 
to incomplete working up o f  the ash (Bock, 1979). I t  has been reported 
that good results  can be obtained even with  some v o l a t i l e  elements i f  
various precautions are taken (Gorsuch, 1970).
Wet ashing
The main a l t e r n a t i v e  to dry ashing Is to d igest  the plant  material  
in concentrated acid .  This method, known also as 'wet ashing',  involves 
much lower temperatures (around 350°C) than those used fo r  dry ashing,
thus preventing losses of  some v o l a t i l e  elements. The advantages and
disadvantages o f  both techniques have been well documented (Gorsuch, 
1959, 1970) (Adrian and Stevens, 1977).
Various acid combinations have been proposed as optimum for  
biological  m a te r ia ls ,  including n i t r i c  and sulphuric acids; n i t r i c ,  
sulphuric and perch lor ic  acids; n i t r i c  and perch lor ic  acids. The 
potent ia l  hazard involved in the use of  perch lor ic  acid is well known 
and i ts  use in th is  study was avoided on safety  grounds. Throughout 
this study, wherever wet ashing was employed, the method used was 
based on that  of  Middleton and Stuckey (1954) where n i t r i c  acid is the 
only reagent used in quant i ty .  Acid washed s i l i c a  ant i  bumping granules
were used to prevent the digest  bo i l ing  v io l e n t ly .
Standard b io logica l  mater ia ls
In recent years, attempts to standardise laboratory analyses of  
biological  m ater ia ls  have led to the d is t r ib u t io n  o f  various standard 
reference m ate r ia ls .  The major source of  these standard bio logical  
materials has been the National Bureau of  Standards (N.B.S.)
Washington, D.C. in the U.S.A. They curren t ly  d is t r ib u t e  the fol lowing  
biological  reference m ater ia ls  (C a l i ,  1976): Orchard leaves [15713,
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Bovine l i v e r  [15773, Brewer's Yeast [15693, Spinach [15703, Tomato
leaves [15733, Pine needles [15753. More recent ly ,  a new standard has
become ava i la b le ;  Ci trus leaves [15723 has replaced Orchard leaves
which are in short supply (Benton Jones, I 98I )  (Z e is le r  and Greenberg,
1981) .  The composition of  these b io logical  standards is c e r t i f i e d ;  in
the case o f  Orchard leaves, fo r  some tw en ty - f ive  elements.
Another useful b io log ica l  standard has been d is t r ibu ted  by Bowen
( 1967) .  This is c a r e fu l ly  prepared ka le ,  now c e r t i f i e d  fo r  fo r ty -n in e
elements, though some problems associated with  i ts  ana lys is ,  p a r t ic u la r l y
by N.A.A. ,  have been found (Bowen, 1974).
Determinations of  the platinum group metals in these biological
standards have been very few. This is because the levels  ( i f  any) of
the P.G.M.'s  are well  below the detection l im i ts  of  most ana ly t ica l
techniques with  the possible exception o f  NAA. Z e is le r  and Greenberg
( 1981) developed a novel technique using NAA to obtain a pos i t ive  value 
- 1 2of 200x10 g/g Pt in NBS Orchard leaves. Previously reported values 
were orders o f  magnitude higher (Nadkarni and Morrison, 1977)
(Gladney, I 98O). Values fo r  the P.G.M.'s  in Bowen's kale  (given in 
ngX/g) come from NAA work.
i r  < 21, < 13, < 0 .5
Pd 26 
Pt 198 
Ru 4 .5
(Bowen, I 98O)
2.2 Atomic Spectroscopy 
Background
Atomic spectroscopy underl ies both c lass ica l  and modern 
instrumental methods of  analysis;  i ts  or ig ins  date back to 1859, when
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Kîrchoff and Bunsen established the o r ig in  o f  the Fraunhofer l ines in 
the solar  spectrum, though these had been observed e a r l i e r  by S ir  
Isaac Newton, in 1666. Classical  emission spectrography was largely  
q u a l i ta t i v e  and though i t  l a t e r  became sem i-q uan t i ta t ive ,  i t  was 
superseded by atomic absorption spectroscopy, a c losely  re lated  
technique.
Theory
When atoms are exc i ted ,  they absorb energy (E) from e i th e r  photons 
or by thermal c o l l is io n s  with other atoms and t h e i r  electrons are 
raised to higher energy levels  ( E j ) . The atoms lose th is  energy (Ej-E^)  
when t h e i r  e lectrons return to the ground s ta te  (Eg),  and i t  is dissipated  
as photon emission of  a p a r t ic u la r  wavelength (X) given by
E = ^  2 .1 .
where h = Planck's constant.
c = v e lo c i ty  of l i g h t .
X = wavelength of the spectral  l in e .
E = Ej-E^; the radiant  energy.
The electrons may be excited to a number of  d i f f e r e n t  energy 
levels w i th in  the atom and since each element has i t s  own c h a ra c te r is t ic  
electron con f igura t ion ,  i t  fol lows that  each element w i l l  have i ts  own 
c h a ra c te r is t ic  l in e  spectrum. Figure 2.1 shows three types of e lec t ron ic  
t rans i t ions  which may occur between the ground s ta te  and f i r s t  
excited s ta te .
Case A represents the p r in c ip le  on which atomic absorption  
measurements are taken. Atoms in t h e i r  ground states can absorb photons 
of energy E = E^-E^ and become exc i ted .  In an atomic absorpiton  
spectrophotometer a spectral  source is used which can radiate  the
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emission spectrum of a p a r t ic u la r  element. The source is usually a 
Hollow Cathode lamp; the cathode is constructed from the p a r t ic u la r  
element and f i l l e d  with low pressure Iner t  gas. An e l e c t r i c  current  
causes a discharge which ionises the gas; cations s t r ik e  the cathode 
eject ing exc ited atoms of  the element into the discharge; an action 
known as sputter ing .  The emission spectrum of  the element is produced 
and th is  passes through a ce l l  ( flame or carbon tube) ,  a dispersion 
system (monochromator) and f a l l s  on the detector  system (photomult ip l ier  
tube) .
u<UciLl PHOTON
/ \  / \
H E A T PHOTON PHOTON
V / \ /
PHOTON
A B
Figure 2.1 Trans it ion  diagrams for
A. Atomic Absorption.
B. Atomic Emission.
C. Atomic Fluorescence ( a f t e r  Whiteside, 1979).
The rad ia t ion  emitted by the hollow cathode lamp may be absorbed 
by unexcited atoms in t h e i r  ground sta tes ,  present in the c e l l .  This 
atomic absorption w i l l  only take place at cer ta in  resonance wavelengths,  
where there is good overlap between absorption l ines and emission l ines 
( f igure 2 . 2 ) .
The r e la t i v e  in te n s i t ie s  of spectral  l ines depends on the
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p o p u l a t i o n  o f  t h e  g r o u n d  a n d  e x c i t e d  s t a t e s .  T h e  r a t i o  o f  t h e  n u m b e r  
o f  a t o m s  i n  t h e  e x c i t e d  s t a t e  t o  t h e  n u m b e r  o f  a t o m s  i n  t h e  g r o u n d  s t a t e
A b s o r p t i o n  l i n e s  nm
283.3
2 1 7 . 0287.3
E m i s s i o n  1 i n e s  nm
F i g u r e  2 . 2  A b s o r b t i o n  a n d  e m i s s i o n  s p e c t r a l  l i n e s  f o r  l e a d  ( a f t e r
B r o o k s ,  1 9 7 2 )
i s  g i v e n  b y  t h e  M a x w e l l - B o l t z m a n n  l a w :
" j  9j^  ^  e x p   ^N 9o k l
2. 2
w h e r e  N i s  t h e  n u m b e r  o f  a t o m s  i n  s t a t e s  0  o r  j .
g i s  t h e  s t a t i s t i c a l  w e i g h t  f o r  s t a t e s  0  o r  j .
T  i s  t h e  a b s o l u t e  t e m p e r a t u r e ,
k  i s  t h e  B o l t z m a n n  c o n s t a n t .
T h u s  f o r  f l a m e  t e m p e r a t u r e s  o f  u p  t o  3 0 0 0 K  t h e  m a j o r i t y  o f  a t o m s  w i l l  b e
i n  t h e i r  g r o u n d  s t a t e s  a n d  a v a i l a b l e  f o r  a t o m i c  a b s o r p t i o n ,  h e n c e  AAS i s
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inherently a more s en s i t ive  technique than AES.
The absorption of  rad ia t ion  by atoms in t h e i r  ground states  
follows an exponential  law s im i la r  to the Beer-Lambert law governing 
molecular absorption:
' x  = 2 . 3 .
where I^ = In te n s i ty  of  spectral  source at  wavelength.
I^ = In te n s i ty  of transmitted rad ia t io n .
= absorption c o e f f i c ie n t .
1 = cel 1 path 1ength.
Taking logarithms of  both sides of  equation 2.3  gives a re la t ionsh ip  
between absorbance (A) and the atomic concentrat ion, the product k A l : -
A = log T-  ^ = kXl 2 .4 .
'x
In pract ice  most atomic absorption c a l ib r a t io n  curves are non- l inear .  
This is due to a number of fac tors ,  p r in c ip a l l y  st ray l ig h t  e f fe c ts ,  
thus curve corrections are applied to compensate fo r  th is .
2.2.1 Flame Atomic Absorption Spectroscopy (FAAS)
Although the phenomenon of  atomic absorption has been known for
many years, i t  was not u n t i l  1955 that  Walsh f i r s t  proposed i ts  use for
the determination o f  a wide range of  metals in so lu t ion .  Since then,  
a great deal of research has been conducted into the nature and various 
applicat ions o f  atomic absorption spectroscopy; several reviews of the 
f i e ld  have been published (Elwell  and Gidley, 1966) (Pr ice,  1972) 
(Massmann, 1974).
In flame atomic absorption (FAAS), the sample in solut ion is drawn 
into a nébulisat ion system by the pneumatic action of the fuel and 
oxidant gases as they are mixed. A spray is formed which enables the
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sample to f low in to  an elongated f lame. In the flame the sample Is 
decomposed into f ree  atoms (a tomisat ion) .  These f ree  atoms absorb 
incident rad ia t ion  from a hollow cathode lamp (atomic absorption) .  The 
gases used fo r  the flame are usual ly  acetylene and a i r  (2500°K) or 
acetylene with n i trous oxide as the oxidant (3200°K) ,  though other  
combinations can be used to achieve flames with various temperatures.
Atomic absorption is considered generally  to be f ree  of  the 
spectral  in terferences which plague atomic emission spectroscopy; the 
few cases o f  spectral  overlap a f fe c t in g  atomic absorption are well  
documented (Lovett  e t  a l . ,  1975) (Pr ice ,  1979).  There are other forms 
of interference which can s h i f t  the equ i l ib r ium  of  f ree  atoms in the 
flame; these are ca l led  chemical in terferences:
( i )  Stable compound formation: anions such as phosphates and
sulphates can depress absorption. This can be remedied by 
adding a re leasing agent or using a ho t ter  flame.
( i i )  I on i sat i on : th is  is only a problem fo r  elements with low
ionisat ion  po ten t ia ls  in very hot f lames.
( i i i )  M atr ix  e f f e c t s : large excesses o f  any other elements can
give r ise  to interelement e f fe c ts .
( iv )  V iscos ity  and Surface tension e f f e c t s : These a f fe c t  the rate
at  which the sample is drawn into the nebuliser;  th is  is important 
with organic solvents p a r t i c u la r l y
(v) Scatter ing  and Molecular Absorption e f f e c t s : The formation of
some products in the flame can cause at tenuat ion of the beam.
This e f f e c t  is more serious with f lameless work (see section 2 .2 .2 )  
Application o f  FAAS to analysis of  plants
The s u i t a b i l i t y  o f  FAAS for  the determination of  low levels of
metals in plant  mater ia l  was soon rea l ised ,  espec ia l ly  for zinc (David,
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1958). Today, most metals in p lant  digests can be determined by FAAS 
to within l im i ts  of a few ppm (yg cm ^) (Chr istian and Feldman, 1970) 
(Pinta,  1978) .  A review of  th is  f i e l d  was published recent ly  by 
David ( 1978) .
P e r f o r m a n c e
Analy t ica l  performance is defined in terms of  a s e n s i t i v i t y  and 
detection l i m i t  fo r  each individual  element usua l ly .  In FAAS, 
s e n s i t i v i t y  re fers  to that  concentration of  an element required to 
produce a 1 % absorption; the concentration is quoted in ppm (yg cm  ^ or  
mg dm ^ ) . The detect ion l im i t  refers to that  concentration o f  an 
element ( in  p.p.m.)  required to give a signal which is twice the standard 
deviat ion o f  the background. The detect ion l im i t  w i l l  depend very much 
on the type o f  matrix  present.  The values wi-11 depend also on how well  
the p a r t ic u la r  instrument is optimised and th is  includes factors such 
as the hollow cathode lamp current;  monochromator bandpass; fuel f low 
rate;  impact bead ajustment.
2 .2 .2 .  Electrothermal Atomisation Atomic Absorption Spectroscopy (ETA AAS)
In conventional FAAS, the source of atomisation is a flame. Other 
atomisation devices have been invest igated,  ranging from rods (West and 
Will iams,  I 969) and cuvettes (L'Vov, 1970), constructed from graphite ,  
to metal s t r ip s  or ribbons made from tantalum. These devices belong to 
a branch of  AAS known as electrothermal  atomisation atomic absorption 
spectroscopy (ETA AAS), or occasional ly  as f lameless atomic absorption.  
The furnace is heated to temperatures up to 3000°C w i th in  a few seconds 
by an e l e c t r i c  curren t .  The f i r s t  carbon furnace was constructed by 
King ( I 908) ,  but not used fo r  atomic absorption measurements un t i l  
adapted by L'Vov ( I 96 I ) .
Most modern f lameless atomisers are based on the cuvette designed
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by Massmann ( I 968) ,  in to  which a small a l iq uo t  of  the sample is 
injected via  a central  port hole.  The furnace head, containing the 
electrodes,  is water-cooled and the carbon tube enclosed in an iner t  
atmosphere to prevent oxidat ion of  the graphite  a t  high temperatures.
The tube is constructed from high p u r i ty  graphite  and may be 
p y r o l i t i c a l l y  coated with  graph i te .  This solves the problem of  porosity  
and improves s e n s i t i v i t y  fo r  some elements. The r e l a t i v e  merits of  
various f lameless atomisers have been described by F u l le r  (1974);  the 
state of  development o f  ETA AAS has been reviewed recently  (Massman,
1976) .
With a carbon furnace, the processes: drying,  thermal decomposition
and atomisation can be carr ied  out as separate stages. In the f lame,
these are mil l isecond events which occur continuously.  In ETA AAS, the
sample matrix  may be removed p r io r  to atomisation in a stage label led  
ashing or charr ing.  During atomisation,  the analyte is vapourised and 
subsequently f lushed from the l ig h t  path by the in e r t  gas (though the 
gas f low may be suspended during th is  stage on some modern instruments).  
The resu l t  is a t ra n s ien t  absorption signal which is recorded as a peak 
usually ( f ig u r e  2 . 3 ) .  The complex nature of  the peak p r o f i l e  depends 
on factors such as the furnace geometry, s l i t  width e tc .  The peak 
precision is not as good as for  flame technqiues (RSD 2-5%); th is  can 
be due to p ip e t t in g  e r ro rs ,  though th is  is reduced w i th  modern 
instruments incorporat ing autosampling devices (Dymott, I 98 I ) .
I nte rferences
Interferences encountered with furnace work include stray emission 
from the wal ls  of  the carbon tube which behave l i k e  a 'black body' source 
at high temperatures. This can be reduced by using narrow s l i t  widths 
and avoiding low hollow cathode lamp currents.  Another serious
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i n t e r f e r e n c e  i s  t h e  n o n - s p e c  i f i  c  a t o m i  c  a b s o r p t i o n  d u e  t o  t h e  v o l a t i l i s ­
a t i o n  o f  m a t r i x  s a l t s  ( P r i t c h a r d  a n d  R e e v e s ,  1 9 7 6 ) .  C a r b o n  p a r t i c l e s  
may be s p u t t e r e d  f r o m  t h e  t u b e  w a l l s  a l s o ,  e s p e c i a l l y  a t  h i g h  t e m p e r a t u r e s  
c a u s i n g  b e a m  a t t e n u a t i o n .  M o s t  m o d e r n  f u r n a c e  s y s t e m s  i n c o r p o r a t e  a 
b a c k g r o u n d  c o r r e c t i o n  f a c i l i t y  t o  c o p e  w i t h  n o n - a t o m i c  a b s o r p t i o n .  I t  i s  
u s u a l l y  a  d e u t e r i u m  l a m p  w h i c h  r a d i a t e s  a  c o n t i n u u m  f r o m  1 9 0 - 3 2 5 n m .
B o t h  b e a m s  ( h o l l o w  c a t h o d e  a n d  d e u t e r i u m )  a r e  f o c u s e d  a t  t h e  c e n t r e  o f
A b s o r b a n c e  + c u v e t t e  t e m p e r a t u r e  
p l o t
- - T ,
A b s o r p t i o n  p r o f i l e
- • T
T^ =  p e a k  r i s e  t i m e  
=  p e a k  d e c a y  t i m e
*  T i  me
F i g u r e  2 . 3  T y p i c a l  f u r n a c e  a b s o r p t i o n  p r o f i l e  ( a f t e r  D y m o t t ,  1 9 8 1 )
t h e  t u b e .  S u i t a b l e  e l e c t r o n i c s  c a n  d i s t i n g u i s h  b e t w e e n  t h e  t w o  t y p e s  o f  
a b s o r p t  i o n .
T h e r e  h a s  b e e n  a g r e a t  d e a l  o f  i n t e r e s t  i n  t h i s  a r e a  o f  E T A AAS  
s i n c e  d e u t e r i u m  b a c k g r o u n d  c o r r e c t i o n  i s  l i m i t e d  a n d  t h e  s y s t e m  c a n  b e  
o v e r l o a d e d  a s  w e l l  a s  m i s a l i g n e d  l e a d i n g  t o  e r r o n e o u s  r e s u l t s  ( P r i t c h a r d  
a n d  R e e v e s ,  1 9 7 6 )  ( H e n d r i k x -  J o n g e r i u s  a n d  De  G a l  a n ,  1 9 7 6 )  ( M a n n i n g ,  
1 9 7 2 ) .  I t  h a s  b e e n  f o u n d  f o r  s o m e  e l e m e n t s  t h a t  t h e  p r e s e n c e  o f  n i t r a t e  
a n d  s u l p h a t e  a n i o n s  c a u s e s  s i g n a l  d e p r e s s i o n  ( E k l u n d  a n d  H o l c o m b e ,  1 9 7 9 ) .
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The main advantage of  ETA AAS over flame methods is the improved 
s e n s i t i v i t i e s  and detect ion l im i ts  fo r  many elements; the small sample 
volume required is also advantageous, but the poorer precision is not.  
The app l icat ion  to b io logical  samples has brought t race  metal analysis  
within the scope of  many labora tor ies ;  e .g .c l in ic a l  laborator ies  where 
analysis o f  b io logica l  f lu id s  can be performed by t h e i r  d i re c t  in jec t ion  
into the furnace without  the need for  pretreatment (Hudnik et  a l . ,  1972) 
(Aggett, 1973).
2 .2 .3  Atomic Emission Spectroscopy (AES)
The advantage of atomic absorption methods over atomic emission 
include high s e n s i t i v i t y  fo r  many elements and the r e l a t i v e  s im p l ic i ty  
of  id en t i fy in g  atomic spectra compared to complex emission spectra.  The 
basic Instrumentation fo r  atomic emission spectroscopy consists of:
1. An e x c i ta t io n  source: flame, arc (a .c .  or d . c . ) ,  spark,
plasma or laser .
2.  A dispersing un i t :  quartz prism spectrograph or d i f f r a c t io n
grat ing spectrophotometer.
3. A detection system: photographic plates or a series of
pho tom ult ip l ie r  tubes and data processing equipment.
In c lass ica l  d .c .  arc spectrography, the samples are loaded into 
graphite e lectrodes.  The discharge produced between the two electrodes  
is s u f f ic ie n t  to e xc i te  the atoms of  most elements, thus producing t h e i r  
c h a ra c te r is t ic  l i n e  spectra .  The theory and pract ice  o f  th is  method, 
along with var ia t ions  In the e x c i ta t io n  source, e lectrode geometries and 
measuring systems have been reviewed (Ahrens and Tay lor ,  1961)
(Pinta ,  1978).
Flames were some of  the f i r s t  exc i ta t ion  sources used in atomic 
emission spectroscopy; the colours of flames containing the metal Ions 
of groups I and I I  are well  known. Flames such as a i r -ac e ty le n e  and
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air-propane are s t i l l  used today in a branch of  AES known as Flame 
Photometry. The low e x c i ta t io n  energy of  the flame is thermal and 
p a r t ic u la r ly  sui ted to the determination of  l i th iu m ,  sodium and 
potassium. The technique Is In rout ine use by c l i n i c a l  chemists who 
need to determine potassium and sodium levels  In b io logical  f lu id s  with 
precision and speed.
High Energy Plasma e x c i ta t io n
There has been a recent rev iva l  In AES with  the introduction of  
plasma e x c i ta t io n  sources, which can achieve temperatures as high as 
10000 K. When a sample Is Introduced In to  the plasma, a h ighly  stable  
emission source is formed. One of  the f i r s t  sources used was the 
'plasma j e t ' ,  in which a d .c .  arc discharge In argon provided the plasma: 
a gas with a high concentration o f  cat ions and e lectrons.
The most popular e x c i ta t io n  source in th is  f i e l d  has been the 
induct ive ly  coupled plasma (Greenfie ld ,  1971).  The s t ruc tu re ,  ca l led  
the torch,  consists of  a hollow quartz tube through which argon gas 
flows, and which Is surrounded by an Induction c o i l .  Passing an a .c .  
current through the co i l  sets up a magnetic f i e l d  p a r a l le l  to the tube 
axis.  This causes an eddy current of  ions and electrons whose motion 
generates intense heat in a continuously Ionised f low of  gas. The 
plasma Is I n i t i a t e d  by a spark which generates enough ions to be 
circu la ted  by the magnetic f i e l d ,  thus sustaining Ion isa t ion .
Applications o f  AES
An advantage of  using emission spectroscopy fo r  the trace metal 
analysis of  b io logica l  mater ia ls  Is I t s  multielement c a p a b i l i ty ,  
coupled with  the r e l a t i v e l y  good s e n s i t i v i t y  with I CP sources. Methods 
for multielement analysis by d i re c t  emission spectrography o f  dried
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plant and animal t issues have been suggested (Bedrosian, et  a l . ,  I 968) ;  
careful matrix  matching of  standards is required. Recently improved 
spectrographic methods s t i l l  re ly  on the dry ashing of  p lant  mater ia ls  
pr ior  to analysis (Shale,  1979).  Gordon et  a l . ,  (1973) have reviewed 
methods of trace analysis  of  b io log ica l  m ater ia ls ,  where a d .c .  arc in 
an Iner t  atmosphere was the e x c i ta t io n  source.
The advent o f  1C P has renewed in te re s t  in the multielement  
analysis o f  b io logical  samples (Greenf ie ld ,  1972) (Knisely et  a l . ,  1973).  
The d.c .  argon plasma was used recent ly  to analyse NBS standard reference  
biological  m a te r ia ls ,  and good agreement with c e r t i f i e d  values was 
found (Reednick, 1979).  L i t t l e  is known about spectral  interferences  
with b io log ica l  mater ia l  in plasma e x c i t a t io n .  In one study on the 
determination o f  trace elements In p lant  mater ia ls  by I CP, i n t e r ­
ferences were reported In the case of z inc (Scott and Strasheim, 1975).
In another study,analyses o f  animal t issues and food mater ial  by I CP 
were carr ied  out and compared favourably with  AAS methods (Munter et  a l . ,
1979).
2 .3  Neutron A ct iva t ion  Analysis (NAA)
2 . 3.1 Princ ip les
Neutron A ct iva t ion  Analysis (NAA) is a highly sens it ive  nuclear 
method of  analysis which unl ike  many, can be a 'non-destruct ive '  
technique. When used as such, i t  Is referred to as Instrumental  
Neutron A ct iva t ion  Analysis ( INAA) w h i ls t  radiochemical NAA incorporates 
a separation step e i th e r  p r io r  to ,  or a f t e r  i r r a d ia t i o n .  During 
i r r a d ia t io n ,  the sample is bombarded with neutrons and th is  can result  
in the production of  rad ioact ive  nuclides which then decay to other  
products. As they decay, various ionis ing radiat ions may be emitted;
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these include gamma photons o f  c h a ra c te r is t ic  energies (y,  keV) . A 
common nuclear reaction involving absorption o f  a neutron and the 
prompt emission of  a gamma ray is:
Z* + o" "  + T
(n ,y )  reaction.
The a c t i v i t y  (a) induced in a ta rge t  (X) of  mass (m) is given by:
,  mNf4a 2 . 5 .
where a = a c t i v i t y  in d .p .s .  
m = mass o f  X.
N = Avogadro's number.
f  = the f ra c t io n a l  abundance of  the parent nuclide act ivated (X)
-2  -1(j> = neutron f lu x  in n m sec
2
a = the cross section fo r  the ac t iv a t io n  in m per nucleus.
A = the r e l a t i v e  atomic mass of  X.
-1
X = rad ioact ive  decay constant S 
In 2X =
t^ = h a l f  l i f e  o f  radioisotope produced (X ‘ ) in sec. 
t  = i r r a d ia t io n  time in sec.
t j  = delay between a c t iv a t io n  and counting in sec.
The count rate  is proportional  to the a c t i v i t y ,  provided the counting 
e f f ic ien cy  o f  the detector  remains constant.  In p ract ice  absolute  
counting, according to equation 2 .5 ,  is ra re ly  used because of the 
experimental uncerta inty  of  parameters (p, a and the counter e f f i c ie n c y .  
Instead, a standard (C^) o f  known mass (m^) is act ivated and counted 
under ident ica l  condit ions to the unknown sample (C^) and the mass (m^) 
calculated from:
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F i g u r e  2 . 4  R a d i o a c t i v i t y  p l o t t e d  a g a i n s t  t i m e  f o r  a c t i v a t i o n  a n d  d e c a y  
( a f t e r  B o w e n ,  1 9 8 0 )
mi = 2 .5 .
w h e r e  C =  c o u n t  r a t e  o f  s t a n d a r d  ( 2 )  a n d  s a m p l e  ( 1 ) .
T h e  r e l a t i o n s h i p  b e t w e e n  i n d u c e d  a c t i v i t y  a n d  t i m e  i s  s h o w n  i n
f i g u r e  2 . 4 .  I n  o r d e r  t o  o b t a i n  r e a s o n a b l e  s e n s i t i v i t y ,  t  i s  s e t  t o
a r o u n d  t ^ ,  w h i c h  w i l l  p r o d u c e  5 0 % o f  t h e  m a x i m u m  p o s s i b l e  a c t i v i t y .  T h e  
2
d e c a y  t i m e ,  t ^ , i s  s e l e c t e d  t o  a l l o w  s h o r t - l i v e d  i s o t o p e s  t o  d e c a y  a n d  
i m p r o v e  t h e  b a c k g r o u n d .  T h e  s e l e c t i o n  o f  a  p a r t i c u l a r  i s o t o p e  f o r  
m e a s u r e m e n t  w i l l  d e p e n d  o n  t h e  h a l f  l i f e  a n d  t h e  p r o d u c t  o f  t h e  c r o s s  
s e c t i o n  w i t h  i s o t o p i c  f r a c t i o n ,  w h i c h  s h o u l d  b e  a s  l a r g e  a s  p o s s i b l e .
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2 .3 .2  Neutron Sources
For neutron a c t iv a t io n  techniques, one of  the most abundant
235sources of  neutrons Is a nuclear reactor .  Nuclear f iss ion  o f  U 
results In the release of  y rays, neutrons, electrons and a p a r t ic le s .
Samples fo r  I r r a d ia t i o n  are Introduced Into the reactor core, where 
they undergo various nuclear reactions.  At various pos it ions,  the 
neutron f lu x  ( # ) ,  changes, though the overa l l  r e p r o d u c ib i l i t y  o f  the 
f lux  Is very good; In modern research reactors,  neutron f luxes o f  the
11 13 -2 -1order of 10 -10 n cm sec are achieved. In some cases Isotoplc
252neutron sources such as Cf may be used fo r  a c t iv a t io n  purposes, but
th e i r  f luxes tend to be small and unsymmetrleal.
Figure 2 .5  shows the various neutron energy d is t r ib u t io n s  in a 
nuclear reactor .  Most of  the neutrons f a l l  Into an energy region where 
they are In equ i l ib r ium  with the moderator. The function o f  the 
moderator In a nuclear reactor  is to slow down the neutrons produced by
235the f iss ion  of  U. Light  water,  heavy water or graphite  may be used 
as a moderator. The slow or thermal neutrons are a v a i lab le  for  nuclear 
reactions o f  the (n,y) type and are t y p i c a l ly  about 0.025eV In energy. 
Neutrons o f  energies between leV and 0.5MeV are referred to as 
epithermal or resonance neutrons, and f i n a l l y ,  those neutrons with an 
energy d is t r ib u t io n  around IMeV const i tu te  the fas t  neutron f lu x .
I r ra d ia t io n  with  EpIthermal Neutrons
Thermal neutron a c t iv a t io n  Is the most common method of ac t iva t ion  
analysis,  where neutrons from the whole reactor spectrum contr ibute to 
the formation o f  various nuclides. Some nuclides may be excited  
ind iv idua l ly  by bombarding with neutrons corresponding to the resonance energy 
of that nuclide.  The nuclear cross section changes dramat ica lly  with
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2 3 5 ,F i g u r e  2 . 5  ( a )  E n e r g y  d i s t r i b u t i o n  o f  n e u t r o n s  f r o m  f i s s i o n :
( b )  T y p i c a l  d i s t r i b u t i o n  o f  n e u t r o n  e n e r g i e s  i n  a 
t h e r m a l  r e a c t o r  ( a f t e r  K r u g e r ,  1 9 7 1 ) .
t h e  v a r i a t i o n  i n  e n e r g y  o f  t h e  i n c i d e n t  n e u t r o n s  ( f i g u r e  2 . 6 ) .
N u c l e a r  r e a c t i o n s  o f  t h i s  t y p e  a r e  c a l l e d  r e s o n a n c e  r e a c t i o n s  a n d  
e p i t h e r m a l  n e u t r o n s  w i l l  b e  r e s p o n s i b l e  f o r  a c t i v a t i n g  t h e  n u c l i d e .
S a m p l e s  f o r  e p i t h e r m a l  i r r a d i a t i o n  a r e  w r a p p e d  i n  c a d m i u m  f o i l ,  
w h i c h  c a n  e f f e c t i v e l y  s c r e e n  o u t  t h e r m a l  n e u t r o n s .  T h e  c u t - o f f  o f  
t h e r m a l  n e u t r o n s  d e p e n d s  o n  t h e  t h i c k n e s s  o f  t h e  f o i l ;  t h e  c a d m i u m  
r a t i o  i s  g i v e n  a s :
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F i g u r e  2 . 6  V a r i a t i o n  i n  n u c l e a r  c r o s s  s e c t i o n  w i t h  i n c i d e n t  n e u t r o n s  
f o r  ( a f t e r  De  S o e t e  e t  a l . ,  1 9 7 2 )
R _  a c t i v i t y  w i t h o u t  Cd f o i l  
Cd a c t i v i t y  w i t h  Cd f o i l
E p i t h e r m a l  i r r a d i a t i o n s  h a v e  s o m e  a d v a n t a g e s  o v e r  t h e r m a l
i r r a d i a t i o n s  f o r  s o m e  e l e m e n t s  ( S t e i n n e s ,  1 9 7 1 ) ,  t h o u g h  i t  d e p e n d s  o n
t h e  v a r i a t i o n  i n  c r o s s  s e c t i o n  w i t h  n e u t r o n  s p e c t r u m  f o r  e a c h  n u c l i d e
2 3i n v o l v e d .  E p i t h e r m a l  i r r a d i a t i o n  c a n  r e d u c e  t h e  a c t i v a t i o n  o f  Na a n d  
4l
K,  m a k i n g  i t  p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  d e t e r m i n a t i o n  o f  s h o r t  
l i v e d  n u c l i d e s  i n  b i o l o g i c a l  m a t e r i a l s  ( C e s a n a  e t  a l . ,  1 9 7 8 )  ( H a n n a ,  
e t  a l . ,  1 9 7 7 ) .  T h e  a r e a  o f  a c t i v a t i o n  a n a l y s i s  o f  b i o l o g i c a l  m a t e r i a l s  
h a s  b e e n  r e v i e w e d  b y  B ow e n  ( I 9 8 O ) .
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2.3 .3  Cyclic a c t iv a t io n  analysis  
Theory
Cyclic a c t iv a t io n  analysis is a recent improvement in NAA which 
enables optimum use to be made o f  the experimental time ava i lab le  for  
the counting o f  short l ived isotopes. The signal to noise r a t io  for  
the radionuclide, of  in te re s t  is enhanced i f  the sample is i r r a d ia te d ,  
allowed to decay and counted fo r  a short period of  t ime; the sample is 
re i r rad ia ted  and the process repeated fo r  ' n ' cycles.  Spyrou (1981) has 
reviewed the p r inc ip les  and app l icat ions of  c y c l ic  a c t iv a t io n  analys is .  
Figure 2 .7  gives the v a r ia t io n  in isotope a c t i v i t y  with time and cycle 
number; the detector  response fo r  the f i r s t  counting period (D^) is 
given by
where
£ = e f f i c ie n c y  o f  the detector .
I = in te n s i ty  o f  they  ray o f  in te re s t .
(J) = neutron f  1 ux.
m = mass o f  the element o f  in te re s t .
N = Avogadro's number.
f  = f ra c t io n a l  abundance of ta rge t  isotope.  
a = a c t iv a t io n  cross sect ion.
X = decay constant o f  induced radionucl ide o f  in te re s t .
A = r e l a t i v e  atomic mass o f  element.
For ' n ' cycles, C^, the cumulative response is:
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The problem of  rap id ly  changing Multi  Channel Analyser (M.C.A.)  
dead times has been invest igated ( M i l l e r  and Guinn, 1976); Egan e t  a l . ,  
found that values fo r  the r a t io  (c lo c k t im e / l i v e  time) from M.C.A. clock  
data were in good agreement with an exponent ia l ly  based correction  
factor  (F^) given by
^Aoe ^^dt
F. = — ---------    2 .10 .
- X t , ,   ^ -Kt,D ctj ^Aoe (1-B-Ce )d t
where
0
C = actual acquired net counts in the photopeak o f  in te re s t .  
Ao = true i n i t i a l  photopeak count rate ,  
t^ = length o f  counting period (clock t im e) .
X = decay constant o f  the isotope o f  in te re s t .
DT(t) = f ra c t io n a l  analyser dead time at  time t .
= B+Ce"^^.
Advantages in the use of  c y c l ic  a c t iv a t io n  are important in the
lalys
41
23 37
an l sis of  b io logical  m ater ia ls ,  where a c t iva t io n  of  Na, Cl and
K resu l t  in short l ived  nuclides producing an unfavourable background 
for  the determination of  other  short l ived nuclides. The improvement 
of detect ion l im i ts  in these cases has been demonstrated (Egan et  a l . ,
1977) (Egan and Spyrou, 1977) (Spyrou, 1981). The use of an epithermal  
neutron f lu x  in conjunction with c y c l ic  a c t iva t io n  has been invest igated  
also (Spyrou, 1981).
2 .3 .4  Gamma Ray Spectrometry
A f te r  i r r a d ia t io n  by neutrons, the sample contains some radio­
act ive nuclides which decay by emission of y photons. The measurement 
of gamma photon energy may be used fo r  both q u a n t i ta t iv e  and q u a l i t a t i v e
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analysis.  The sample Is placed next to a detector  which records the 
sample a c t i v i t y ;  the information is passed on to a multichannel  
analyser fo r  processing.
Various detect ing devices e x is t  fo r  the measurement of rad io ­
a c t i v i t y .  For the h ighly  specia l ised measurements involved in INAA, 
semiconductor detectors are employed because of  t h e i r  high resolut ion  
of Y photons 2 keV at  1332.4 keV) . S c i n t i l l a t i o n  detectors,  w h i ls t  
more e f f i c i e n t ,  have poorer reso lu t ion .  Both kinds of  detector  can be 
l inked to a multichannel analyser which can display the y a c t i v i t y  in 
the form o f  a spectrum. The pulse height of  each photopeak represents 
i ts  count ra te ,  which is a measure o f  the mass o f  th a t  isotope in the 
sample.
Germanium-Lithium d r i f t e d  detectors; Ge(Li)
Detectors used in th is  study were of the germanium-lithium 
d r i f t e d  type. The p r in c ip le  on which a semiconductor detector  operates 
is analogous to a gas ionisat ion counter.  When incident  radiat ion  
str ikes the c r y s t a l ,  which is under an applied p o t e n t ia l ,  electrons  
d r i f t  to the po s i t iv e  e lec t rode .  The 'pos i t ive *  holes which remain 
move towards the negative e lectrode.  The production o f  charge c a r r ie rs  
result  in an output pulse proportional to the incident  rad ia t ion .  
D r i f t in g  the germanium crysta l  with l i th ium  changes the e le c t r ic a l  
properties of  the semiconductor such tha t  the detector  e f f i c ie n c y  is 
improved over the pure germanium type. The detector  has to be cooled 
with l iqu id  nitrogen to keep the l i th ium  in place and reduce e lec t ron ic  
noise.
The measurement of  a c t i v i t y  is performed by a multichannel  
analyser l inked to the detector;  the spectrum may be displayed on a 
video screen. Modern sophisticated techniques which are computer based.
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can process incoming data a t  a much fa s te r  ra te ,  correct  fo r  dead t ime,  
decay time and c a lcu la te  concentration au tom at ica l ly .
2.4 X-Ray Spectrometry
2.4.1 Pr inc ip les  o f  X-ray spectrometry
Unlike the methods o f  atomic spectroscopy. X-ray spectrometry is a 
non-destructive method o f  ana lys is ,  both q u a l i t a t i v e  and q u a n t i t a t iv e .
I t  has a simultaneous multielement c a p a b i l i t y  which may be used w ith in  a 
wide an a ly t ica l  range. The p r in c ip les  o f  the method are based on the 
measurement o f  X-ray spectra emitted by various elements present in the 
sample. The e x c i ta t io n  of  any atom may resu l t  in the removal o f  one or 
more inner core e lectrons.  The remaining gap(sj are f i l l e d  by electrons  
from the upper energy leve ls ;  the excess energy is emitted as an X-ray  
photon. The movement of  electrons within  the various electron shells  
( k , L, M, N e t c . )  gives r ise  to a l ine  spectrum c h a ra c te r is t ic  o f  each 
element ( f ig u re  2 . 8 ) .
The atoms may be exc ited in several d i f f e r e n t  ways, resu l t ing  in 
the various f ie ld s  of  X-ray spectrometry:
1. D irect  X-ray emission spectrometry: the atoms are excited by a 
beam o f  e lectrons or high energy cathode rays (c f .  section 2 .4 .2 )
2. X-ray f luorescence spectrometry (X .R .F . ) :  where the atoms are 
subjected to a spec i f ic  X-ray beam of  s u f f i c i e n t  energy to 
e xc i te  the X-ray spectrum (X-ray induced emission).
3. Proton induced X-ray emission ( P . l . X . E . ) :  here the sample is 
bombarded with high energy protons (^^-4 MeV) which exc i te  the 
X-ray spectrum (c f .  section 2 . 4 . 3 ) .
One o f  the e a r l i e s t  reports on the r e l a t i v e  merits o f  e lectron,  
proton and X-ray induced emission fo r  elemental analysis was that o f
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Figure 2.8 Energy level diagram and e lec t ro n ic  t rans i t ions
( a f t e r  P inta ,  1978)
Birks (1964).  Recent reviews concentrate more on the d i rec t  
comparison o f  X.R.F.  to P . l . X . E .  (Dzubay, 1977). D irect  emission 
techniques are o lder  than f luorescence techniques, though fo r  the 
general analysis o f  large samples, X.R.F. is more widely used.
In X.R.F.  the sample is placed outside the X-ray tube rather  than 
on the anticathode of  the assembly type tube (P ln ta ,  1978). The analysis  
of X.R.F. spectra is performed with an X-ray spectrometer, where a 
rotating crys ta l  d i f f r a c t s  X-rays in accordance with Bragg's Law:
nA = 2d sin 2 .
where X is the wavelength d i f f r a c te d  by a crysta l  of  in terp lanar  spacing 
d at an angle of incidence 6; n is the order of d i f f r a c t io n .  The 
d i f f ra c t io n  may be performed by e i th e r  a plane crysta l  or curved c rys ta l .
30.
Electron beam
Secondary electronsAuger electrons
Backscattered electrons
X-rays
Light
Spec I men Absorbed
electrons
E l a s t i c a l l y  scattered  
electrons (no energy loss)In e l a s t i c a l l  y scattered electrons  
(energy loss)
Unscattered electrons
Figure 2 .9  Schematic o f  the interact ions between the electrons and the 
specÎ men ( a f t e r  Hess, 1977)
The d i f f r a c te d  X-rays are detected by s c i n t i l l a t i o n  or gas-f low  
proportional counters.
2 .4 .2  X-ray Microanalysis
When a specimen is examined in an electron microscope, i t  is 
bombarded with a beam of  high v e lo c i ty  e lectrons.  The inte ractions  
between the electrons and the specimen are i l l u s t r a t e d  schematically in 
f igure 2 .9 .
8 1 .
E n e r g y  d i s p e r s i v e  a n a l y s i s  ( E D X A )
The recent development of  so l id  s ta te  detectors has enabled highly  
e f f i c i e n t  X-ray analysis  to be ca r r ied  out by energy d ispersive methods. 
The detector  un i t  consists of  a si 1 icon-1ithiurn doped c r y s ta l ,  S i ( L i ) ,  
protected by a bery l l ium window usually .  The p r inc ip les  o f  detection  
resemble those of  semiconductor devices used in gamma spectrometry 
(c f .  section 2 . 3 . 4 ) ;  the whole detector  assembly is cooled with l iqu id  
nitrogen to reduce e lec t ro n ic  noise and prevent the l i th ium  d i f fus ing  out 
of  the c r y s t a l .
X-rays o f  a l l  energies are processed by a microcomputer simultan­
eously and the energy spectrum is displayed on a C.R.T. screen. The 
resolution o f  such detectors is about ISOeV a t  5»9keV (Jaklevic  and 
Goulding, 1978).
Wavelength dispersive analysis (W. D.)
The c lass ica l  method of X-ray analysis is the use o f  a rota t ing  
crystal  which w i l l  d i f f r a c t  X-rays according to equation 2 .11 .
Dedicated e lectron microprobes are a v a i lab le  now, with both energy 
dispersive and wavelength dispersive f a c i l i t i e s .  The theore t ica l  
princ ip les  and instrumentation o f  W.D. analysis have been discussed by 
Birks (1978).
Several c r y s ta ls ,  with  d i f f e r e n t  ' d ' spacings, are employed to 
cover many o f  the elements in the per iodic  tab le .  The crysta l  is preset  
to a p a r t ic u la r  angle corresponding to the d i f f r a c t i o n  of  spe c i f ic  X-ray 
wavelengths. A l l  other  wavelengths are e l iminated from the detector;  
the resu l t  is a much bet te r  spectral  resolution and lower detection  
l im i ts  when compared to energy dispersive systems. The disadvantage is 
that the higher energy electron beams required can damage and d is to r t  
biological specimens (Erasmus, 1978).
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2.4 .3  Proton Induced X-Ray Emission ( P . l . X . E . )
As well  as X-rays and e lec t rons ,  charged p a r t ic le s  such as 
protons (^H^) or alpha p a r t ic le s  (^He^*^) can be used to exc i te  atoms to 
produce c h a ra c t e r is t i c  X-ray emission. The increasing in te res t  in the 
use of  proton beams ('v3MeV) is la rg e ly  due to the recently  improved 
S i (L i )  detectors ,  which are used in P . l . X . E .  analysis  (Walter and W i l l i s ,
1978).
The P . l . X . E .  technique is quite  d i f f e r e n t  from Proton Activat ion  
Analysis,  which is a nuclear e x c i ta t io n  method, c lose ly  re lated to neutron 
act iva t ion  analysis (section 2 . 3 ) .  P . l . X . E .  involves atomic exc i ta t ion  
by i r r a d ia t in g  the sample with a proton beam and measuring the 'prompt' 
X-rays emitted during that  period. In comparison to X .R .F . ,  P . l .X . E .  
has bet ter  s e n s i t i v i t y  and detect ion l im i ts  fo r  some sample types. The 
a p p l i c a b i l i t y  o f  X.R.F.  and P . l . X . E .  to environmental samples has been 
compared recent ly  (Dzubay, 1977).
An up to date system can provide the simultaneous determination of
fo r ty  or more elements from s i l i c o n  to uranium at  detect ion l im i ts  in the 
- ]
0.005-1 yg g range. With incident e lectron beams as the exc i ta t io n  
source, the X-ray background due to the bremsstrahlung produced, 
espec ia l ly  in a bio logical  matr ix ,  is qu i te  high, below 12keV; the 
corresponding background with proton beams of  the same energy is about 
10^ times less intense (Walter and W i l l i s ,  1978). Once the X-ray  
spectrum has been acquired, the data is analysed usual ly  by a complex 
computer program. This may involve "s t r ipp ing  the spectrum down" using 
information stored previously ,  or by representing the background and the 
peaks as mathematical functions and applying a least  squares f i t  to the 
spectrum.
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CHAPTER I I I
METHODS FOR THE STUDY OF METAL DISTRIBUTION 
AND BINDING IN PLANT TISSUES
3.1 Methods fo r  the study of  p lant  growth
Sand and water cu l tu re  methods
The invest iga t ion  of  metal uptake by plants requires c a r e fu l ly  
control led experimental methods. Soils  are unsuitable for  use in 
laboratory studies because of  t h e i r  complex and heterogeneous nature.
Sand and water cu l tu re  methods have been developed to overcome such 
problems; t h e i r  use dates back to the mid-nineteenth century (Knop,
1865) .  Since then, many refinements of  these methods have taken place,  
espec ia l ly  in the area o f  water p u r i ty  where contaminants have been 
el iminated,  thus permit t ing  the study of  t race metal e s s e n t ia l i t y  
(Hoagland and Arnon, 1950).
Plants may be grown on an acid washed sand substrate to which is 
added a solut ion containing the essent ia l  n u t r ie n ts .  A l t e r n a t iv e ly ,  
plants may be grown hydroponical ly in a nu t r ie n t  so lu t ion .  The plant  is 
supported so that  i ts  roots are immersed in the n u t r ie n t  solut ion but 
at the same time, protected from l ig h t  by darkening the container  and 
l i d .  The n u t r ie n t  solut ion is aerated by bubbling compressed a i r  through 
the so lut ion ,  otherwise abnormal root growth resu l ts .  The technical  
deta i ls  o f  sand and water cu l tu re  methods have been described extensively  
by Hewi t t  ( I 966) .
Nutrient solut ions
The composition of  most modern n u t r ie n t  solut ions is based on the 
classical  formulations of Hoagland and Arnon (1950).  Some s l ig h t
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modifications o f  ' Hoagland's so lu t ion '  have taken into account micro-  
nutr ients a lso,  such as ch lor ine  (Johnson et  a l . ,  1957).  Each nutr ien t  
formulation must include essent ia l  macronutrients,  the cations:  
potassium, calcium and magnesium; and the anions: n i t r a t e ,  phosphate
and sulphate; as well  as adequate concentrations of  the micronutrients.  
The problem of  n u t r ie n t  so lut ion  pH is Important because i t  influences  
the s o l u b i l i t y  and oxidat ion s ta te  o f  various metal ions and can a f fe c t  
the role o f  H and OH ions in a c t ive  t ransport .  The major ity  of  
nutr ient  solutions have a pH value o f  between 5 and 7.
The composition o f  the f u l l  strength n u t r ie n t  so lut ion used in 
th is  study is given in Table 3.1 (Epstein,  1972). Four stock solutions  
of macronutrients were made up (1 mol dm using Analar grade s a l ts .
The micronutrients were made up as a s ingle  stock so lu t ion ,  apart from 
iron which was made up separately  as an iron I I  complex with  
ethyl endiamine t e t r a a c e t ic  acid (0.02 mol dm ^ ) . Full or h a l f  strength 
nutr ient  solutions were made up ju s t  before the s t a r t  o f  the uptake 
experiment from stock solutions which had been stored in a r e f r ig e r a to r  
to prevent bac te r ia l  growth.
Contami nation
The problem of  contamination is s ig n i f i c a n t  not only in micro­
nutr ient  invest igat ions but also in the ana ly t ica l  procedures which may 
fol low. Contamination may a r ise  from e i th e r  a irborne or water sources, 
containers, glassware or even from the chemicals and reagents employed. 
Various precautions can t e  taken to reduce contamination. These include 
the use of high density  polythene containers wherever possible,  
p a r t ic u la r ly  fo r  the storage of  so lut ions.  In th is  study, a l l  p la s t ic  
and glassware was acid washed twice (3 M HCl) and rinsed f i n a l l y  in 
deionised and d i s t i l l e d  water. Invest igat ions of  the select ion and
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cleaning of  various p l a s t ic  mater ia ls  fo r  use in trace analysis have 
been reported (Karin e t  a l . ,  1975) (Moody and Lindstrom, 1977).
The major a n a ly t ic a l  concern of th is  thesis has been with the 
determination o f  the platinum metals.  Normally,  these 'precious' metals 
do not feature  as trace contaminants e i th e r  in the water supply or in 
ambient a i r  sources. However, s t r ingent  precautions were s t i l l  under­
taken as a matter o f  ana ly t ica l  procedure and to ensure ana ly t ica l  
accuracy l a t e r  when some multie lement analysis  was carr ied  out .
Controlled environment growth rooms
Studies of  p lant  growth also require carefu l  control o f  the 
external environment. This is important because various factors such as 
the temperature, l ig h t in g  q u a l i ty  and quant i ty  can influence the uptake 
of nutr ients  by plants and t h e i r  growth patterns.  For these reasons, 
hydroponic and sand cu l tu re  experiments are carr ied  out in control led  
environment rooms or cabinets.  A typical  growth room should provide some 
means o f  c o n t ro l l in g  the q u a l i ty  and quant i ty  o f  a r t i f i c i a l  l i g h t ,  thus 
simulating natural l i g h t .  This is usual ly  a combination of  f luorescent  
l ig h t in g ,  covering the U.V. and blue end of the spectrum, and tungsten 
l igh t ing  fo r  the red and IR end of  the spectrum. The periods simulating  
day and night should be contro l led  by preset clocks along with the day 
and night temperatures.
The p lant  growth experiments reported in th is  thesis were conducted
in a control led environment growth room manufactured by Prestcold
(Central)  Ltd. (Figure 3 . 1 ) .  The in te rnal  area o f  the room measured 
2
12.6m and the f lo o r  was f in ished with 4cm of  g r a n o l i th ic  concrete.  The 
internal walls  were of burnabrite  aluminium insulated with 10cm of  
polystyrene and f in ished e x te rn a l ly  with galvanised mild steel sheating.  
This was surrounded by a wooden hut which contained the control panel for
90.
X )
■M
0_
en
"D
m
en
u_
_ J
I— -tUD [ ---
L J
E
uNm
O+J
fO
oc/>
91.
the l ight ing  system. A perspex panel mounted on a fa ls e  c e i l in g  
approximately 2m high housed the l ig h t in g  system. This consisted of  75 
f luorescent lamps (Ph i l ips  Dayl ight ,  2.44m 125w/33) s i tuated in 2 banks, 
one 4cm above the o ther ,  and operated under a three phase system with  
f ive  rows o f  f i v e  lamps to each phase. Tungsten l ig h t in g  was provided 
by 4 rows of  5 f i lam ent  s t r ip  lamps (Thorn Opal glass,  60w, 50cm). 
Together th is  gave a maximum i l lum ina t ion  o f  lO^ft  candles or 10760 lux 
at bench height ( Im) .
Throughout the growth experiments, r e l a t i v e  humidity was maintained 
between 70-75% (UCE 180 f lo o r  standing evaporator) along with  a 14 hr day 
and a temperature o f  25 ± l °c  (day) and 20 ± l ° c  (n ig h t ) .  Deionised 
water was supplied in the growth room (E lgastat  Cl80) fo r  i r r i g a t io n ,  
the periods of  which were also contro l led  by preset clocks. Regular 
checks were made on the q u a l i ty  o f  th is  water; the Cu, Pb and other  
trace metal levels never reached more than approximately 0.0006 ppm.
Since the growth room featured aluminium as a large part  of the internal  
construction,  i t  is hardly surpris ing that A1 contamination was a 
serious problem in the subsequent analysis of  p lant  m ater ia ls .  This 
explains the anomalously high levels  of A1 found in some plant  t issues.
3.2 Methods fo r  the determination of  metal binding in p lant  t issues
Sequential ex t rac t ion  techniques
A v a r ie ty  of  solvent ex t rac t ion  techniques fo r  the determination of  
metal binding in plant  t issues have been published (Boroughs and Bonner, 
1953) (Bowen et  a l . ,  1962) (D iez-A ltares and Bornemisza, 1967). However, 
such schemes serve only as indicators o f  how the metal is d is t r ibu ted  
chemically w ith in  the p lan t .  The results  o f  extract ion  studies must be 
interpreted with caution and cross-checked with  other  techniques before
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any d e f in i t e  conclusions may be drawn.
The ex t rac t ion  of  p lant  mater ia l  with d i f f e r e n t  solvents can 
se lec t ive ly  remove various classes of  compounds from plant  t issues e.g.  
proteins, a - c e l lu lo s e ,  pigments e tc .  in chapter 8 .3  the sequential  
extract ion o f  plants t reated with  platinum is reported.  The scheme 
adopted fol lowed that  used fo r  the examination of copper d is t r ib u t io n  in 
to le rant  and non-to lerant  species of  Armer'Ca mav'ùtïma reported by Mullen 
( 1980) ,  who has reviewed the use o f  ex t rac t ion  techniques in th is  area.
The scheme is based on that  proposed by Peterson (1969) but with  
some modificat ions.  The water ex t rac ts  a r is in g  from both the ethanol and 
the water ex t rac t ion  i t s e l f ,  were invest igated f u r th e r .  Soluble proteins  
were removed as a gel by shaking with tr ichloromethane and pentan-l -o l  
(Sevag e t  a l . ,  1938). In add it ion  to th is ,  the remaining water extracts  
were t reated with  acetone to p r e c ip i ta te  soluble pectates (Hinton, 1939).  
The complete scheme is presented in chapter 8,  f i g .  8 .2 .
Chromatographic and Electrophore t ic  techniques
Several workers have examined plant  extracts  fu r th e r  to determine 
the metal species present.  Soluble metal complexes have been p u r i f i e d ,  
isolated and i d e n t i f i e d  using a range of techniques including ascending, 
descending and column chromatography; TLC; paper e lectrophores is .
U1tracentr i fugat  i on
Another technique which has been used to invest igate  the association  
of metals with  various c e l l  organelles is that  o f  d i f f e r e n t i a l  u l t r a ­
centr i fugat ion  (Stocking and Ongun, 1962) (D iez -A ltares  and Bornemisza, 
1967) (Turner,  1970) (Mullen, I 98O). The method involves homogenising 
the fresh p lant  material  which e f f e c t i v e l y  breaks the ce l l  w a l l ,  
releasing c e l l u l a r  components. A high speed centr i fuge can be used to 
remove s e le c t iv e ly  various components of d i f f e r e n t  densit ies:  nuclei;
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mitochondria; ribosomes.
This technique may be used In combination with autoradiography 
where the plant  is grown in a n u t r ie n t  solution containing the heavy 
metal as a rad ioact ive  isotope (Katnore e t  a l . ,  1972) which f a c i l i t a t e s  
i ts  i d e n t i f i c a t io n  in the various c e l l  f ra c t io n s .
Limitations
The drawbacks and l im i ta t io n s  o f  the experimental methods used in 
the location and character isa t ion  of  the mode o f  chemical binding of  
metals in plants have been mentioned b r i e f l y  al ready,  but must be 
emphasised. The plant  ce l l  is a highly complex and ordered structure  
which when disturbed may change the binding o f  heavy metals present.
Since plant  materia l  requires a ce r ta in  amount o f  preparation pr io r  
to ana lys is ,  th is  may resu l t  in changes in the character o f  the metal 
species present.  Once the ce l l  is ruptured, i ts  contents are f ree  to 
associate with metals they might not meet normally.  The contents of  the 
ruptured ce l l  contain a v a r ie ty  of  l igands which are a va i lab le  for  
binding, hence some analyses may lead to erroneous resu l ts .
Some metal complexes are only weakly bound and may dissocia te  
during preparation and is o la t io n ,  there fore ,  these methods are only 
useful in iso la t ing  and id en t i fy ing  strongly  bound metal compounds. The 
preparation problems are p a r t ic u la r l y  acute when invest igat ing  metal 
species which are k i n e t i c a l l y  l a b i l e .  However, the platinum group metals 
are renowned fo r  being k i n e t i c a l l y  in e r t ,  though the problems out l ined  
s t i l l  apply,  a l b e i t  to a lesser extent .
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CHAPTER IV
AN INVESTIGATION OF ELECTROTHERMAL ATOMISATION 
ATOMIC ABSORPTION METHODS FOR THE DETERMINATION 
OF THE PLATINUM METALS
4.1 I n t roductîon
The app l ica t ion  of  atomic absorption spectroscopy to determination  
of the platinum metals was invest igated soon a f t e r  i ts  development as an 
ana ly t ica l  technique (Lockyer and Hames, 1959) (Strasheim and Vessels,  
1963) .  Today, i t  has become one o f  the most widely used methods of  
determination fo r  the platinum metals.  A large number o f  publicat ions  
have appeared, dealing with the various app l icat ions and interferences  
(Sen Gupta, 1973). Recently,  the an a ly t ica l  chemistry of the platinum 
metals has been the subject o f  reviews covering several important  
techniques including atomic absorption (Van Loon, 1977) (Beamish and 
Van Loon, 1977).
Recent in te re s t  in the medical and industr ia l  s ign i f icance  of  the 
platinum metals (chapter 1.7) has been accompanied by an increasing  
in terest  in t h e i r  determination at  low leve ls .  Most studies have been 
concerned with animal t issues (Pera and Harder,  1977) ( M i l l e r  and 
Doerger, 1975), and body f lu id s  ( T i l l e r y  and Johnson, 1975) (Jones, 1976) 
(Duf f ie ld ,  1976) .  Kothny (1978) has developed a novel spectrophotometric  
method for  the determination of  palladium in plants and s o i ls .  Because 
of the poor detect ion l im i ts  of  the platinum metals in flame atomic 
absorption spectroscopy (FAAS), electrothermal  atomisation atomic 
absorption spectroscopy (ETA AAS) is often used for t h e i r  determination  
at low levels (Le Roy e t  a l . ,  1977) (Hendrikx-Jongerius and De Galan,
1976) (Eklund and Holcombe, 1979) (Potter and Waldo, 1979).
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One problem with  ETA AAS has been the non-atomic absorption from 
matrix sa l ts  v o l a t i l i s e d  in the graphite  furnace. Simultaneous deuterium 
background correc t ion  is now the most widely adopted method for  the 
removal o f  such er rors (Hendrikx-Jongerius and De Galan, 1976).  Signal 
depression when n i t r a t e  and sulphate ions are present is another source 
of e rror  (Eklund and Holcombe, 1979). This las t  point  has some bearing 
on the preparation o f  b io logical  samples by the wet ashing method.
Dokiya e t  al.,, (1975) compared the e f fe c ts  of  mineral acids used in the 
wet digestion of  p lant  materia l  fo r  atomic absorption spectroscopy. They 
used a Varian Techtron AA1000 instrument equipped with  a CRA 63 unit  for  
electrothermal atomisation work, and came to the conclusion that  n i t r i c  
acid was the most su i tab le  medium. Pera and Harder (1977) carr ied  out 
both wet ashing and analysis of  animal t issues in n i t r i c  acid so lut ions.  
Measurements were made using a Perkin-Elmer 360 spectrometer f i t t e d  with 
the HGA 2100 furnace, and these authors reported that  they found no 
in terference from n i t r a t e  on signal height when concentrations of n i t r i c  
acid between 0.0312 and 7.8 mol dm  ^ were used.
M i l l e r  and Doerger (1975) investigated the analysis o f  t issue  
samples for  platinum also ,  but converted t h e i r  n i t r i c  acid digestions to 
chlor ide fo r  analysis by treatment with sodium ch lor ide  and hydrochloric  
acid. The instrument used fo r  the determinations was a Perkin-Elmer 503 
with the HGA 2000 furnace, and with th is  system M i l l e r  and Doerger state:  
"Several addit ions of  hydrochlor ic acid are necessary to dr ive o f f  the 
n i t ra te  fumes which seem to reduce the s e n s i t i v i t y  o f  the metals ."
Le Roy et  a l .  (1977) completed wet ashing of  animal t issue in a mixture 
of n i t r i c  and perch lor ic  acids, and converted digests to ch lor ide for  
analysis,  although they did not report n i t r a t e  interferences in the 
determination o f  platinum.
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Optimum condit ions fo r  ETA AAS o f  the platinum metals have been 
reported previously (Adriaenssens and Knoop, 1973) (Evere t t ,  1976).
Acid influences on signal heights were invest igated using a Perkin-Elmer  
403/HGA 70 system (Adriaenssens and Knoop, 1973), and those of  n i t r i c  
acid were found to be more pronounced than those of  hydrochlor ic ,  with 
regard to both s e n s i t i v i t y  and re p r o d u c ib i l i t y .  Everett  (1976) reported 
the furnace parameters for  the platinum metals when using a carbon rod 
atomiser with a Varian Techron AA-5 spectrometer.
In th is  chapter,  methods fo r  the determination o f  platinum,  
palladium and rhodium by ETA AAS, as the f in a l  step in the analysis of  
plant material  for  these metals,  are reported. Programme set t ings have 
been developed fo r  the Pye Unican SP2900 double beam instrument f i t t e d  
with the SP9-01 Flameless Atomiser Accessory, and fo r  the Pye Unican SP9 
Video Furnace. The SP2900/SP9-01 instrument u t i l i s e s  c lass ica l  voltage  
control fo r  atomisat ion.  The SP9 Video Furnace head incorporates an 
optical temperature feedback f a c i l i t y .  The s e n s i t i v i t y  o f  the two 
methods was invest igated using the l a t t e r  instrument.  Acid interferences  
were invest igated using these two systems, and b r i e f l y  using a Perkin-  
Elmer 306 together  with the HGA 74 furnace.
4.2 Experimental and Results
4.2.1 Instrumentation
The instruments used in th is  invest igat ion  were:
( i )  Pye Unican SP290Q double beam spectrophotometer f i t t e d  with  
deuterium background correct ion and SP9-01 Flameless Atomiser 
(Pla te  4 . 1) .  The system was interfaced with  a Hewlett-Packard 
Laboratory Data System (HP 97) ,  which was used to record peak 
heights, correct  for  blanks and ca lcu la te  r e l a t i v e  standard
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d e v i a t i o n s  a n d  a b s o l u t e  s e n s i t i v i t i e s .
( i i )  P y e  U n i c a n  SP9 V i d e o  f u r n a c e * ,  e q u i p p e d  w i t h  a u t o s a m p l e r  (FAS I )  
( i i i )  P e r k i n - E l m e r  3 0 6  s p e c t r o m e t e f  f i t t e d  w i t h  t h e  HGA 7 4  f u r a n c e  
an d  e q u i p p e d  a l s o  w i t h  a F u r n a c e  A u t o s a m p l e r  I n j e c t i o n  f a c i l i t y .  
M a n u a l  i n j e c t i o n s  ( S P 2 9 0 0 / S P 9 - 0 1  s y s t e m )  w e r e  made w i t h  a 25 ^1  
m i c r o p i p e t t e  ( C l i n i p e t t e ,  L a b o r a  M a n n h e i m ) .  A l l  a c i d s  w e r e  o f  ' A r i s t a r '  
g r a d e ;  s o l u t i o n s  w e r e  made  up w i t h  d e i o n i s e d  d i s t i l l e d  w a t e r .
P l a t e  4 . 1  P y e  U n i c a m  S P 2 9 0 0  A t o m i c  A b s o r p t i o n  S p e c t r o p h o t o m e t e r  a n d  
S P 9 - 0 1  F l a m e l e s s  A t o m i s e r .
4 . 2 . 2  P r o g r a m m e  S e t t i n g s  f o r  P l a t i n u m  a n d  A c i d  I n t e r f e r e n c e s
P l a t i n u m  s t o c k  s o l u t i o n : -  0 . 5 0 0 0 g  p l a t i n u m  s p o n g e  ( J o h n s o n  
M a t t h e y ,  S p e c p u r e )  w a s  d i s s o l v e d  i n  50 ml  o f  a q u a  r e g i a  a n d  e v a p o r a t e d  t o
^ F a c i l i t i e s  p r o v i d e d  by t h e  A n a l y t i c a l  D e p t . ,  J o h n s o n  M a t t h e y  R e s e a r c h  C e n t r e  
t F a c i l i t i e s  p r o v i d e d  by t h e  D e p t ,  o f  C l i n i c a l  C h e m i s t r y ,  C l i n i c a l  R e s e a r c h  
C e n t r e ,  N o r t h w i c k  P a r k  H o s p i t a l ,  M i d d l e s e x .
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dryness. 25ml of concentrated HCl and 0.5g of  NaCl were added to the 
residue, and the mixture was again evaporated to dryness. The residue 
was dissolved in 100ml of  50% HCl (v:v) and then d i lu ted  to 500ml with  
water. This stock solut ion was stored in a polythene b o t t le .
Construction of  Atomisation and Ashing Curves, SP2900/SP9-01: -  
Using an in je c t io n  o f  25yl o f  a platinum solut ion ( l .Oyg ml i . e .  25ng
of Pt, a su i tab le  drying time o f  about 60s a t  a temperature se t t ing  of  
about 25 ('^240°C) was establ ished.  This was achieved by watching the 
evaporation o f  the sample with  a dental mir ror  (care, UV r a d i a t io n ! ) .
The atomisation curve shown in Figure 4.1 was then constructed; s im i la r ly ,  
the ashing curve, shown in Figure 4 .1 ,  was obtained (see footnotes e and 
g. Table 4 . 1 ) .  The f in a l  set t ings are shown in Table 4 .1 .
The Ef fects o f  Acids on Peak Heights, SP2900/SP9~01: -  The e f fe c ts  
of varying concentrations o f  n i t r i c ,  sulphuric and hydrochloric acids on 
peak heights were invest igated.  The results  are shown in Figure 4 .2 .  I t  
can be seen tha t  there is a severe depression of  peak height and very poor 
precision with  n i t r i c  ac id .  Sulphuric acid produced a considerable amount 
of matrix  smoke and condensed on the instrument ba f f les  causing damage; 
i ts  use was therefore  abandoned.
Platinum Programme and Acid E f fec ts ,  PE 306/HGA 74: -  The programme 
settings are shown in Table 4 .2 .  The e f fec ts  o f  acids on peak heights 
were invest igated b r i e f l y  fo r  platinum only.  Figure 4 .3  shows the e f fec ts  
of varying concentrations of hydrochlor ic and n i t r i c  acids on peak heights.  
The depression produced by n i t r i c  acid is not as severe as in the case of  
the Pye Unicam SP2900/SP9~01 system, in agreement with previous observations 
(Le Roy et a l . ,  1977) (Eklund and Holcombe, 1979). In fa c t ,  hydrochloric  
acid gives an enhanced signal with  th is  system (Figure 4 . 4 ) .
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(a) Ashing curves: Pye Unicam SP2900 + SP9-01. (*tube replacement)
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D ig i ta l  set t ing
(b) Atomisation curves: Pye Unicam SP2900 + SP9-01
Figure 4.1 Ashing and Atomisation curves for  the platinum metals: 
P t : X = 265.95nm; bandpass = 0.2nm
Pd: X = 247.64nm; bandpass = 0.2nm
■Rh: X = 343.49nm; bandpass = 0.2nm.
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Table 4.1 Instrumental guidelines fo r  Pt ,  Pd and Rh determination  
using the Pye Unicam SP2900/SP9-01 (ETA AAS).
Pt Pd Rh 
340.46
Wavelength, nm 265.95 247.64^ 343.49
Bandpass, nm 0.2 0 .2 0.2
Lamp current ,  mA 10 5.5 10
Recorder range, mV^
-1
Recorder speed, mm min 
Furnace parameters:^'^
10 10 10
20 20 20
Dry: t ime, s 65 60 65
indicated temperature, °C 300 300 300
d ig i t a l  se t t in g 28 28 28
Ash: t ime, s® 45 30 30
indicated temperature, °C 1375 1375 1800
d i g i t a l  se t t in g 50 50 58
Delay, s^ 10 10 10
Atomisation: t ime, s^ 5 5 5
indicated temperature, °C 3025 2950 3000
d i g i t a l  s e t t ing 93 90 92
Delay, s 10 10 10
Tube Clean: t ime, s 5 5 5
indicated temperature, °C 3175 3175 3175
d i g i t a l  se t t ing 99 99 99
Delay, s 10 10 10
Tube blank: t ime,s 5 5 5
indicated temperature, °C 3025 2950 3000
d i g i t a l  s e t t ing 93 90 92
The l ine  at  340.46nm is more su i tab le  f o r  samples with high background,
and was used subsequently fo r  the analysis of p lant  samples; Ph il ips  PM
8251 pen recorder; ^Argon f low ra te ,  31 min ^; Isothermal heating;
6
Optimum ash times and temperatures are matrix dependent; values given were 
determined em p ir ica l ly  fo r  control plant  samples by ensuring the removal of  
matrix smoke p r io r  to atomisation. This gave an acceptable blank signal  
during atomisation; ^peak height read i n i t i a t e d  (t ime, 15s); ^Atomisation 
times were determined by observing the peak p r o f i l e  with a fast  response 
recorder and ca lcu la t in g  the time taken fo r  the peak to form and decay.
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Table 4.2 Parameters fo r  the invest iga t ion  o f  acid e f fe c ts  on the
determination of  Platinum by ETA AAS using the Perkin Elmer 
306/HGA 74 , with Autosampler AS-1^.
Wavelength, nm 265.95
Bandpass, nm 0 .7
Lamp Current,  mA 10
Recorder range, mV 10
- 1
Recorder speed, cm s 10
Furnace parameters:^
Dry: t ime, s 60
indicated temperature, °C 90
Ash: t ime, s 26
indicated temperature, °C I 63O
Atomisat ion:^ t ime, s 8
indicated temperature, °C 2700 
Tube Clean: t ime, s 10
indicated temperature, °C 2700
^ In jec t ion ,  20vil; ^adapted from Pera and Harder (1977),  and M i l l e r  and 
c .Doerger (1975);  with gas stop f a c i l i t y .
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% a d d  concentration (v:v)
Figure 4.3  E f fec t  o f  acids on platinum peak heights; P.E. 306 + HGA Jh
20y1 of  0 . 2 - 1 .Oyg ml Pt
Bandpass = 0 . 7nm
10.0
4-1
_c
cn
0)o_
1 . 00.50
HCl
yg ml  ^ Pt
Figure 4.4 C a l ib ra t ion  curves for  platinum; P.E. 306 + HGA 74
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platinum programme and Acid E f fec ts ,  SP9 Video Furnace: -  
Atomisation curves fo r  platinum were constructed using both temperature 
control and vol tage control f a c i l i t i e s  (Figure 4 . 5 ) .  With a bandpass of
0.5nm, better  s e n s i t i v i t y  is found fo r  temperature control than for  
voltage con tro l ,  but with a bandpass o f  0.2nm l i t t l e  d i f fe rence  is 
observed. The f in a l  programme fo r  the determination of  platinum is shown 
in Table 4 .3 .  The e f fe c ts  of  varying concentrations of  n i t r i c  and 
hydrochloric acids are shown in Figure 4 .6 .
4 .2 .3  Programme Settings fo r  Palladium and Acid Effects
Palladium Stock So lu t io n : -  0.5000g palladium sponge (Johnson 
Matthey, Specpure) was dissolved in 5ml aqua regia and evaporated to 
dryness. The residue was dissolved in 2.5ml o f  concentrated HCl and 
12.5ml o f  water,  and f i n a l l y  d i lu ted  to 500ml. The solut ion was stored 
in a polythene b o t t le .
Palladium Programme and Acid Ef fec ts ,  SP2900/SP9~01: -  Using an 
in jection o f  25yl o f  a palladium solut ion containing O.lyg ml  ^ (2.5ng of  
Pd), the curves shown in Figure 4.1 were constructed. The f in a l  optimum 
sett ings fo r  palladium are shown in Table 4 .1 .  The e f fe c ts  of  n i t r i c  and
hydrochloric acids on peak heights are shown in Table 4 .4 .
An invest iga t ion  of  the s e n s i t i v i t y  o f  the l ines a t  24?.64nm and 
340.46nm was made, and some recorder traces fo r  in jec t ions  of  25yl of  a 
solution o f  O.lyg ml  ^ Pd in 5% HCl are shown in Figure 4 .7 .  The l in e  at  
244.79nm is the most intense, but is very noisy, w h i ls t  the l in e  at  
247.64nm is most sen s i t ive  but also noisy. The less sen s i t ive  l in e  at
340.46nm appears to be the most su i tab le  fo r  good precis ion,  p a r t ic u la r l y
with plant samples which have high non-specif ic  absorption.
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Figure 4 .5  Platinum atomisation curves: Pye Unicam SP9 Video Furnace
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Figure 4 .6  E f fec t  of  acids on platinum peak heights: Pye Unicam SP9 
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Table 4.3 Instrumental guidel ines fo r  the determination of Pt ,  Pd and 
Rh by ETA AAS using the Pye Unicam SP9 Video Furnace.^
Wavelength, nm
Pt
265.95
Pd
340.46
Rh
343.49
Bandpass, nm 0.2 0 .2 0.2
Lamp curren t ,  mA 10 8 10
Recorder range, mV
-1
Recorder speed, mm min
50 50 200
30 30 30
Furnace Parameters: 
Phase 1: t ime, s 35 35 35
temperature. °C 90 90 90
Phase 2: t ime, s 15 15 30
temperature. °c 1500^ 1500^ 1500^
Phase 3:^ t ime, s
o (TC)
3 3 3
temperature. °C 2700 2600 2600
Phase 3:^ t ime, s (VC) 5 5 5
temperature. °c 3000 2950 3000
Phase 4: t ime, s 10 10 10
Phase 5: t ime, s 3 3 3
temperature. °c 2950 2950 2950
^Autosampler programme: volume. lOyl;  Resample, 3: Mode, m u l t i .
Ashing temperature dependent on matrix  and condit ions;  fo r  biological  
samples use of  ramping f a c i l i t i e s  improves analyses.
Phase 3/Atomisation: i n i t i a t e  autozero (AZ) , Recorder Control (RC),
Peak Timer (PT). TC = temperature con tro l ;  VC = vol tage contro l .
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Table 4.4 Ef fects  o f  Acids on the Determination of  Palladium by ETA AAS
SP9 Video Furnace
0.1 yg ml V d  in: H^ O UHCl 5%HC1 10%HC1 UHNO^ 10%HN0
Voltage Control;  X = 247.64nm
Peak Height 0.117 0.109 0 . 139^ 0.059 0.048 0.092
RSD 6.5 6.6 2 .6 3.0 8.3 6.7
Peak Area 0.1284 0.0606 0.2298 0.0794 -0 .057 0.0888
RSD 32.1 14.1 21.5 36.7 222.7 44.9
Voltage Control;  X = 247.64nm (repeated)
Peak Height 0.282 0.400 0.455 0.492 0.333 0.243 0.102
RSD 2 .9 4 .7 0.3 0.9 3 .9 31.9 6.1
Peak Area 0.2877 0.3992 0.4648 0.4797 0.3655 0.2518 0.1670
RSD 6 .9 4 .2 0.8 2 .9 13.0 19.3 11.5
Temperature Control ; X = 34o.46nm
Peak Height 0.217 0.231 0.240 0.222 0.321 0.161 0.136
RSD 1.1 3.6 2.8 2.8 6.4 13.7 3.6
Peak Area 0.1143 0.1214 0.1252 0.1200 0.1486 0.0460 0.0088
RSD 11.9 14.9 8 .9 14.0 5 .2 64.3 90.8
SP2900/SP9-01
0.1 yg ml ^Pd in: H2O 1%HC1 5%HC1 10%HC1 1%HN0j 5%HN0_ 10%HN0.
Voltage Control;  X = 247.64nm
Peak Height 0.384 0.392 0.364 0.375 0.203 0.063 0.084
RSD 1.45 1.03 4.73 2.27 20.06 15.31 28.33
New tube, ( th is  invest igat ion  was repeated)
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25yl of  O.lyg ml Pd in 5% HCl (v:v)  
A = 340.46nm
X = 247.64nm
Figure 4 .7  V a r ia t io n  in peak height with wavelength for  palladium in 
ETA AAS (Pye Unicam SP2900+SP9-01)
lOyl o f  O.lyg ml Pd(aq)
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0.24
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control0.20
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Pal l a d ÎUm Programme and Acid E f fec ts ,  SP9 Video Furnace: -  
Palladium atomisation curves constructed using both temperature and
voltage control are shown In Figure 4 .8 .  I t  can be seen tha t  bet ter
s e n s i t i v i t y  is obtained using the temperature control f a c i l i t y .  The 
final optimum furnace parameters are shown in Table 4 .3 .  The e f fe c ts  of
acids on peak heights are shown in Table 4 .4 .
4.2.4 Programme Sett ings fo r  Rhodium and Acid Interferences
Rhodium Stock So lu t io n : -  l . lO O lg  rhodium(I ! l )ch lo r ide (Johnson 
Matthey, Specpure) was dissolved in deionised d i s t i l l e d  water and d i lu ted  
to 500ml. The rhodium assay on th is  sample o f  rhodium(FU)chloride was 
41.45% Rh; the so lut ion  was thus lOOOmg 1  ^ in Rh; the concentration was 
checked by grav imetr ic  ana lys is .
Rhodium Programme and Acid E f fec ts ,  SP2900/SP9~01: ~ The curves 
shown in Figure 4.1 were constructed using an in je c t io n  of  25yl o f  a 
rhodium solut ion containing O.lyg ml  ^ Rh. The f in a l  optimum sett ings fo r  
rhodium are shown in Table 4 .1 .  The e f fe c ts  o f  n i t r i c  acid and of  
hydrochloric acid on peak heights are shown in Figure 4 .9 .
Rhodium Programme SP9 Video Furnace: -  Rhodium atomisation curves 
using both temperature and voltage controls  are shown in Figure 4 .10.
4.2.5 Programme set t ings  fo r  I r id ium, SP9 Video Furnace 
Atomisation and ashing curves fo r  ir id ium were constructed from
lOyl in ject ions o f  0.5yg ml ' i r id ium solut ions (Johnson Matthey Research 
Centre) in the SP9 Video furnace. These curves and other I r id ium d e ta i ls  
are shown in f ig u re  4 .11 .
4.3 Piscuss ion
Optimum condit ions for  the determination of  the platinum metals by 
electrothermal atomisation atomic absorption spectroscopy have been
n i
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Figure 4.9  E f fe c t  o f  acids on rhodium peak heights; Pye Unicam 
SP2900 + SP9-01.
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reported by many workers, most recently  by L'vov e t  a l .  (1979),
Fîshkova and V i lenk in  (1978).  There Is however, some disagreement on 
methods of sample preparat ion ,  furnace parameters and in ter ferences,  which 
appears to resu l t  from the v a r ie t y  of  instruments used. I t  would seem 
that i t  is the design and s t ru c tu re  of  the electrothermal  atomisation un i ts  
which are responsible fo r  the d i f fe ren c es .
Early invest iga t ions  of  ETA AAS were carr ied  out using a heated 
graphite rod. Later graphite  tubes became more popular,  al lowing for  
larger sample volumes. At the same time a number o f  problems were 
introduced, some of which appear to depend on tube geometry. Thus the 
optimum condit ions fo r  platinum metal determination fo r  one instrument 
cannot be adopted d i r e c t l y  fo r  another instrument,  and in the case of  
biological samples, fo r  another matr ix .  Such furnace parameters can serve 
only as useful guidel ines and must be determined fo r  each instrument and 
each type o f  matrix .
Incorrect  dry phase set t ings can lead to low precis ion.  The drying  
time and optimum temperature have been found to vary considerably from 
sample to sample, and also on the age and condit ion of  the tube (Figure 
4 .1 ) .  The use o f  p y r o l i t i c a l l y  coated tubes, w h i ls t  improving s e n s i t i v i t y  
during atomisation fo r  some metals, can resu l t  in poor drying character­
is t ics .  For example, v io le n t  b o i l in g  with subsequent analyte loss in the 
gas stream may occur. Be t te r  detect ion l im i ts  have been reported for  
p yro l i t ica l  1 y coated tubes in the determination o f  platinum metals (L'vov 
et a l . ,  1979) .  Since the graphite  tubes vary in s ize  and shape, i t  is not 
surprising that  the deposit ion and subsequent spread of  the sample w i l l  
vary (Figure 4 .12)  ( L i t t l e j o h n  and Ottaway, 1977). This w i l l  influence  
the number of  atoms released as an atomic vapour into the beam, due to 
the temperature p r o f i l e  o f  the tube. The f low of  argon with in  the tube
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(a) Standard tube; 
SP9-01
(b) P r o f i 1e tube; 
SP9-01
(c) Standard tube;
SP9 Video Furnace
(d) Standard tube; HGA 74
0 1 2 3 cm 1 ( « »
Figure 4.12 Graphite tubes fo r  ETA AAS.
can also a f f e c t  the t rans ien t  s igna l ;  removal of the cap from the glass 
chimney enhanced s e n s i t i v i t y  fo r  platinum with the SP2900/SP9-01 system.
When using high temperatures for  atomisat ion, non-atomic absorption 
is considerable.  The tube wall  emission is reduced by the use of a small 
bandpass, thus throughout this work, a bandpass o f  0.2nm was used.
Everett (1976) however, reduced the non-atomic absorption by atomising 
at a lower temperature, and increasing the bandpass, the lower temperature 
increasing the l i f e  of the carbon rods.
The l i f e t im e  o f  the carbon tubes are also improved by the use of 
temperature control during atomisat ion. Unlike voltage contro l ,  where 
atomisation is achieved by the app l ica t ion  of a preset voltage across the 
tube for a preset t ime, the temperature control f a c i l i t y  applies the 
maximum voltage unt i l  a preset temperature is reached. A temperature 
feedback device is incorporated which can switch o f f  the power once that  
point is reached. With the SP9 Video Furnace, this was found to increase
115.
the s e n s i t i v i t y  fo r  platinum, palladium rhodium and ir id ium at  lower 
atomisation temperatures, thus bringing about an . improvement in tube 
l i f e .  The advantages o f  temperature control have been discussed by 
Dymott (1981) .  For palladium (Figure 4 .8 )  and rhodium (Figure 4.10)  
this e f fe c t  is s i g n i f i c a n t ,  and fo r  platinum using a bandpass of  O.Snm 
(Morton, I 98I )  but f o r  a bandpass of  0.2nm no s ig n i f i c a n t  d i f fe rence  was 
observed (Figure 4 . 5 ) .
For the determination o f  palladium, there is a choice o f  l ines;  
that at  244.79nm was very noisy, w h i ls t  that  a t  247.64nm is sen s i t ive ,  
but was noisy a lso.  The palladium spectrum in the region 244-247nm is 
reported to be complex (Chr is t ian  and Feldman, 1970) and interferences  
between l ines may occur (Whiteside, 1976).  The more s table  l in e  a t  
340.46nm is su i tab le  fo r  samples with high background such as plant  
digests. This l in e  was also used w ith  the SP9 Video Furnace.
Effects of  Mineral Acids
I t  was found that  platinum standards in n i t r i c  acid solut ion when 
measured using the Pye Unicam SP2900 f i t t e d  with  the SP9-01 furnace, gave 
severe depression of  peak height and poor prec is ion,  esp ec ia l ly  at  the 
5% HNOg leve l ;  w ith  10% HNO^  the RSD was be t te r  only because of  the very 
severe depression o f  peak he ight .  The same platinum standards gave a 
reasonable c a l ib r a t io n  curve using a Perkin Elmer 360 with  HGA 76 
graphite furnace. (These las t  resul ts  are not reported in the results  
section, since only one c a l ib r a t io n  curve was carr ied  ou t . )  S im i la r ly ,  
although some depression o f  the signal was encountered, i t  was possible 
to use the Perkin Elmer 306 with the HGA 74 furnace (Figure 4 . 3 ) .  i t  
can be seen from Figure 4 .6  that  there is also severe depression of  
signal height using the Pye Unicam SP9 Video Furnace with platinum in 
n i t r ic  acid media. Figures 4 .2 ,  4 .3  and 4 .6  show that  5% hydrochloric
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Table 4.5 Absolute S e n s i t i v i t i e s ^  of  the Platinum Group Metals In 
ETA AAS
A .  P y e  U n i c a m  SP2900/SP9-01
-1
C o n c e n t r a t i o n  o f  i n j e c t i o n ,  y g  ml  
V o l u m e  o f  s a m p l e  i n j e c t i o n ,  y l
V o l t a g e  C o n t r o l  
Mean a b s o r b a n c e  
A b s o l u t e  s e n s i t i v i t y ^ ,  pg
B. Pye Unicam SP9 Video Furnace
Concentration o f  in je c t io n ,  yg ml 
Volume of  sample in je c t io n ,  y l
Voltage Control 
Mean absorbance 
Absolute s e n s i t i v i t y ^ ,  pg
Temperature Control  
Mean absorbance 
Absolute s e n s i t i v i t y ^ ,  pg
^The absolute s e n s i t i v i t y  is taken as tha t  mass of  an element which w i l l  
give a peak absorbance value o f  0.00436A (which is equivalent  to peak of  
1% absorption);  Dymott (1981) .
i . e .  S e n s i t i v i t y  =’ measured absorbance
For example, fo r  palladium:
S e n s i t i v i t y  5x10-9) ^
= 30 X lO'^^g (30pg)
 ^ = 340.46nm = 247.64
Bandpass: 0.2nm ^Bandpass: 0.5nm
Pt Pd^ Pd® Rh
0.1 0.1 0.1 0.1
25 25 25 25
0.065 0.071 0.359 0.351
168 154 30 31
Pt^ Pt® Pd' Rh
0.1 0.5 0.1 0.1
10 10 10 10
0.107 0.350 0.146 0.492
41 62 30 9
0.089 0.444 0.249 0.651
49 49 18 7
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acid is a su i tab le  medium f o r  the determination o f  platinum using a l l  
three instruments. Hydrochloric acid in some cases gives an enhanced 
signal (Figure 4 . 4 ) .  This pat tern  of  results  was repeated fo r  both 
palladium (Table 4 .4 )  and rhodium (Figure 4 .9 )  using both the SP2900/ 
SP9-01 and the SP9 Video Furnace.
The absolute s e n s i t i v i t i e s  fo r  the determination o f  the platinum 
metals by ETA AAS are set out in Table 4 .5 .
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CHAPTER V
THE APPLICATION OF INSTRUMENTAL NEUTRON ACTIVATION 
ANALYSIS TO PLANT MATERIALS CONTAINING THE PLATINUM METALS
5.1 Introduct ion (c f .  ch .2 .3 )
Neutron a c t iv a t io n  methods have been applied successful ly to the 
determination o f  the platinum metals in a wide range o f  m ater ia ls .
Many of the methods described in the l i t e r a t u r e  involve radiochemical 
separation which removes any in te r f e r in g  matr ix .  The separation may 
include d i s t i l l a t i o n ,  solvent ex t rac t ion  or  even ion exchange methods 
(Crocket, e t  a%., I 968) (Ahmad, e t  a l . ,  1977) (Nadkarni and Morrison,  
1974) (Samadi, e t a l . ,  1978) (Parry,  I 98O).
Instrumental neutron a c t iv a t io n  analysis (INAA) fo r  the de te r ­
mination of  i r id ium in ores has been reported (Le Roux, e t  a l . ,  1974),  
but fo r  the determination o f  platinum metals in b io logica l  mater ia ls i t  
has been l i t t l e  used. Several environmental studies have reported the 
determination of  platinum metals in natural mater ia ls  using neutron 
act ivat ion ,  but with  a separation step included (Schutyser, e t  a t . ,
1977) (G i lb e r t ,  e t d l . ,  1977).
Caramel 1a-Crespi e t  a l . ,  (1974) reported the platinum and ir idium  
contents o f  NBS-SRM 1571 Orchard leaves using radiochemical NAA. These 
were given as: 0.015(±0.0Q3) yg g ^1r and 1 .2 (±0 .3 )  yg g ^Pt. Recent 
attempts have been made to improve the detect ion l im i ts  o f  the platinum 
metals in b io log ica l  mater ia ls  fu r the r  s t i l l  (Zeis 1er and Greenberg, 
1981) (Valente e t  a l . ,  I 98I ) .
In neutron ac t iv a t io n  methods, the various i r r a d ia t io n  conditions  
are f ixed in accordance with the nuclear propert ies of the various
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isotopes of  i n te r e s t .  The theore t ica l  pr inc ip les  of th is  technique 
have been discussed f u l l y  elsewhere (chapter 2 . 3 ) .  Nuclear data 
concerning the platinum metals and the nuclear reactions u t i l i s e d  for  
their  determination by INAA are presented in Table 5 .1 .
In th is  thes is ,  invest igat ions in to  the app l ica t ion  of  INNA to 
platinum metal determination in p lant  t issues,  were carr ied  out on two 
si tes.  Prel iminary work was conducted by ICI Radioisotope Services a t  
Gillingham. As a fo l low  up to t h is ,  more d e ta i le d  invest igat ions were 
carried out a t  the Un ivers i ty  o f  London Reactor Centre.
5.2 Preparation o f  p lant  m ater ia ls  containing the platinum metals
There is no NBS Bio logical  'Standard Reference M a te r ia l '  contain­
ing c e r t i f i e d  levels  o f  the platinum metals for  comparing ana ly t ica l  
techniques. For th is  reason, a number o f  p lant  mater ia ls  were spec ia l ly  
prepared, each o f  which contained one of  the platinum metals. The f ree  
f loa t ing  aquat ic  p lan t  water hyacinth {E io h h o rn ia  c ra s s tp e s  (MART) 
Solms), was grown in h a l f -s t r e n g th  n u t r ie n t  so lut ion  containing one of  
the platinum metals as a soluble  complex. Each metal was supplied at  
two concentrations, designated as 'H I '  and 'LO'.  The plants were grown 
for two weeks and then harvested, washed, dried and homogenised. In 
this way a number o f  representat ive  samples, h e rea f te r  referred to as 
Standard Water hyacinths, were obtained. Deta i ls  of  the hydroponic 
method and the preparation o f  dr ied p lant  samples are reported in 
chapter 6 where the results  o f  analysis are considered more f u l l y .  
Preliminary studies were carr ied  out with  these samples using the TRIGA 
nuclear reactor a t  ICI Bi l l ingham,
5*3 Invest igat ions of INAA using the TRIGA reactor
Approximately 50mg o f  the dr ied plant  mater ial  or plant  ash was 
irradiated in the TRIGA reactor ,  a t  ICI Bil l ingham, a t  a thermal neutron
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12  - 2 - 1
flux of  3*10 n cm sec . TRIGA is a 'swimming pool'  type research 
reactor, capable o f  achieving a steady 250kW as thermal power. The 
times of i r r a d i a t i o n ,  decay and counting depend on which element is being 
determined. Table 5 .2  gives the condit ions used with  TRIGA. The a c t i v ­
ated samples were counted using a Nuclear Data Inc. 6610 multi-channel  
analyser, together  with  a l i th iu m  d r i f t e d  germanium detector  of  
resolution 2.00keV/ch a t  the 1.322 MeV photopeak (Ortec Inc VIP Series,  
Coaxial Detec tor) .  Platinum metal concentrations were calcu lated  by 
comparing peak areas with those from i r ra d ia te d  chemical standards. The 
results o f  the various determinations are given in Table 5 .3 .  A control  
plant sample grown and prepared under ident ica l  condit ions,  but without  
any added platinum metals was examined too. In te r fe r in g  a c t i v i t y ,  in the 
control samples, was found at  158keV and was measured over a period of  
two weeks. The resul ts  indicated tha t  the in te r fe rence  was not due to 
one p a r t ic u la r  nuclide but possibly several (Table 5 .7 ,  pg.135).
5.4 Invest igat ions of  INAA using the CONSORT MklI reactor
Further invest igat ions into the use o f  INAA to determine the 
platinum metals in p lant  m a ter ia ls ,  were carr ied  out at  the Univers i ty  of  
London Reactor Centre.  The 'Consort'  Mark I I  is a 'swimming pool'  type 
research reactor which can achieve a maximum thermal power o f  lOOkW.
The reactor fuel elements are enriched with  uranium -2 3 5  (80%) and are 
clad in aluminium. Light water acts as both coolant,  moderator and 
ref lec tor .  An o vera l l  plan o f  the reactor  and i t s  experimental f a c i l i t i e s  
is given in f igures 5.1 and 5 .2 .
Some of  the i r r a d ia t i o n  f a c i l i t i e s  a v a i lab le  together with t h e i r  
respective thermal and epithermal f luxes are given in Table 5 .4 .
I r r a d ia t io n  Conditions (Reactor Tr îga)
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Nucli de Half  l i f e Y energy,keV t  i r r a d ia t io n t  decay t  count
4 . 34m 51.4 0 . 3m 2-3m 5m
109mpj 4 . 69m 188.9 0. 3m 1 - 1 . 5m 5m
192, r 7 4 .4d 316.5 30m 3”6w 15h
191 Os 14. 6d 129.4 30m 2-3w 15h
109RU 38. 9d 497.0 30m 3“6w 15h
199A,a 3.15d 158.37
208.20
60m 4-5d 20h
® from
6 ,t^30.8m
199au T 158,208kev 199w
t ,  3.15d2
T a b le  5 .2
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Reactor î e rad ia t ion  f a c i l i t i e s  (Consort MKli)
Fac I11ty Thermal f lu x/ “2 -1 \ (n cm sec )
Fast f lux
/ -2  - 1 \(n cm sec )
In-core I r r a d ia t io n  system 
iCiS (20mm diameter)
2.4x10^^ 1.0x10^2
Cyclic a c t iv a t io n  system 
CAS (I7mm diameter)
1.3x10^2 0.5x10^2
Vert ical core tubes a t  side  
of core (32 and 48mm diameter)
1.4x10^^ (max) 0.3x10^^ (max)
Bare face thermal column 
(910x910mm) containing NISUS 
fast neutron spectrum assembly
1.2x10^
T a b le  5 .4
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5.4.1 Preparation o f  standards
Duplicate standards were prepared in the fo l lowing way. 5.0000g 
of dried Bowen's ka le  was weighed out; enough deionised and d i s t i l l e d  
water was added to make a s lu r ry .  To t h is ,  various qua n t i t ies  of the 
platinum metals were added as aqueous solut ions.  The s lu r ry  was freeze-  
dried and homogenised using a ba l l  m i l l  (Glen Creston).  The f in a l  
concentration o f  the platinum group metals in the spiked kale  are given 
in Table 5-5 .
Bowen's Kale Standard spiked with  the platinum metals 
( a l l  values are given as yg g  ^ dry weight)
Rhodium 5.00 Palladium 100
Ruthenium 50 Osmium 25
ir id ium 5.00 Platinum 25
Table 5.5
5.4.2 Preparation of samples
I n i t i a l l y ,  the dr ied plant  mater ia l  was p e l le te d ,  as were the 
standards (ca 150mg) to ensure a homogeneous and reproducible exposure 
to the neutron f lu x .  The p e l le ts  were i r rad ia ted  in low density  
polythene capsules. The i r r a d ia t io n  o f  pe l le ted  and non-pelle ted plant  
material was invest igated b r i e f l y  fo r  the palladium content of  spiked 
kale. A comparison of  the recorded a c t i v i t y  is given in Table 5 .6 .  
Counting errors in a c t iv a t io n  analysis  are governed by the Poisson 
distr ibut ion (Bowen and Gibbons, 1963)» where the standard deviat ion is 
given by
o = /N
and N is the number o f  events recorded in a given observation. The
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Student's t  t e s t ,  on the area per g, gave an experimental value of  1.92 
for 2 degrees o f  freedom ind ica t ing  no s ig n i f i c a n t  d i f fe ren c e  a t  the
confidence l e v e l ,  though i t  must be pointed out that  the tes t  i t s e l f  
is suited to a la rge number of  paired observations and therefore  the 
results may be c r i t i c i s e d  s t i l l .
5.4.3 Long i r r a d ia t io n s
Platinum, i r id ium ,  osmium and ruthenium, have isotopes which lend 
themselves to long i r r a d ia t io n s  because of  long h a l f  l iv e s .  These were 
carried out in the 0°  face Core Tube posit ions in the reactor  ( f igures
5.1 and 5.2)  where a maximum thermal f lu x  o f  1.4xl0^^n cm ^sec  ^ is 
atta inable .  The samples and standards were i r ra d ia te d  fo r  a week; th is  
averaged out a t  37hrs to ta l  f lu x  t ime, usually .  The samples and 
standards were al lowed to cool fo r  two or three days and then counted 
using a 42cm^ l i th iu m  d r i f t e d  germanium detector  (Princeton-Gamma Tech) 
of resolution l .S lke V  ( f u l l  width a t  h a l f  maximum) at  the 1.322MeV 
photopeak with a Peak/Compton r a t io  of  36.3:1 and e f f i c ie n c y  of  8.1% 
linked to a computer based gamma ray spectrometer (Nuclear Data Inc 6620 
Multichannel Analyser) .  A general Neutron Act iva t ion  Package w r i t ten  in 
FORTRAN IV was employed to run a peak search, correc t  for  decay and 
calculate platinum metal concentrations in the plant  samples.
The gamma spectrum of  i r ra d ia te d  Bowen's ka le  spiked with  the 
platinum metals was p lo t ted  on an X-Y recorder and is shown in f igure  5.4.  
The sample had been i r ra d ia te d  fo r  f i v e  days al lowed to decay for  two 
days and counted fo r  30m using a Ge(Li)  detector  coupled to a 4096-  
channel analyser (Link Model 290).  Some o f  the possible in te r fe r in g  
elements in the determination o f  platinum (given in Table 5.7)> were 
irradiated too; 5m counts were taken and the gamma spectra p lot ted  as 
before; these are presented in f igu re  5 .5 .
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Table 5 .7  Possible in terferences in the determinat ion of  platinum 
Nuclide H a l f - l i f e  Gamma energy (keV)
117m
47,
Sn
Sc 
117mI n
199mHg
177Lu
14 .Od 
3.43d  
1 .9hr  
42m 
6.74d
158.40
159.40 (v ia  ( n ,p ) ‘‘^Sc
158.40
158.30
208.20
or from Ca)
Figure 5 .5 (a )  Gamma spectrum of  i r r a d ia te d  t in  standard
50yg Sn
117m
4-1
0)
in
3a
occfTJ_co
100 140120 180 200
T keV
136,
Fînure 5 . 5 (b) Gamma spectrum o f  i r ra d ia te d  calcium standard
Sc (from Ca)
o
191
240180140 ‘ 160 220200
y,keV
Figure 5 .5 (c )  Gamma spectrum of I r ra d ia te d  t i tan ium  standard
50pg TÎ
T l (n ,p ) ^ 'S c )
u
100 180140 160
Y, keV
120 200 220
Figure 5.5 (d )  Gamma spectrum o f  i r r a d ia te d  indium standard
13 7.
0)s:
0)
3Q.
(U
CcmXo
140100 120 180 200
Y , k e V
Figure 5 .5 (e )  Gamma spectrum of  i r r a d ia te d  mercury standard
50pg Hg
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Examination o f  the i r r a d ia te d  p lant  ash revealed that  some other  
long l ived nuclides were detectable  a f t e r  two day's decay. Results for  
these elements are given in Table 5 .8 .  A f u l l  comparison between INAA 
and other techniques appears in chapter 6.
Detection l im i ts  for  plat inum, i r id ium ,  osmium and ruthenium in 
plant mater ia ls  by INAA are given in Table 5 .9 .  Results of  the determin­
ation o f  platinum metals in standard water hyacinths are presented in 
Table 5 .10 .
Table 5.9 Detection l im i t s  fo r  long l ived  nuclides o f  the platinum  
metals
f  — 1
Nuclide y energy, keV detect ion l i m i t  , ug g
TS^Ir 316.50 0.0049
T^^Os 129.40 0.533
497.00 2.46
^detection l i m i t  def ined as 2/BACKGROUND in dr ied Bowen's Kale under 
the peak given (C urr ie ,  1968) .
5 .4 .4  Short i r r a d ia t io n s
Both rhodium and palladium undergo (n,y) reactions which resu l t  in 
short l ived decay products. Short i r r a d ia t i o n  and counting times are 
required, there fo re .  In b io lo g ica l  samples, matr ix  elements give r ise  
to an unfavourable background o f  short l ived decay products. Various 
refinements o f  INAA can reduce th is  problem and these are discussed in 
chapter 2 .3 .
In th is  study, s ing le  and c y c l i c  i r r a d ia t io n s  were carr ied  out in 
the Univers i ty  o f  London reactor  under a thermal neutron f lu x  of
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1200
1000
Net peak area800
400 Background 
area n.
200
60 65 70 7555
CHANNEL NUMBER
Figure 5-6 An example of  the to ta l  peak area c a lc u la t io n  ( a f t e r  Amiel,
1981) .
1 2 - 2 - 1  1 2 - 2 - 1  1.3*10 n cm sec or  an epithermal f lu x  of 0 .5*10  n cm sec . The
samples were t rans fe r red  from the reactor  to a Ge(Li) de tec tor ,  s i tuated
close by, by a fas t  pneumatic system. Gamma spectra were accumulated
using a Laben BOOO MCA o f  4096 channels.  Appropriate regions of  each
spectrum were pr inted out In d i g i t a l  form, from which peak areas,
corrected fo r  background and analyser dead t ime, were determined using
the Total Peak Area method (Figure 5 .6)  (Yule,  I 966) .  The s ig n a l ,  S, Is
computed from equation 5 .1 .
r
S = ( I  R.) - 0 . 5 ( r - & - 1 ) ( R ,  5 .1 .
i=& ' 36-1 r-f I
where I  and r are the channel numbers of the channels bounding the peak 
on the l e f t  and r ig h t  respec t ive ly .  The short i r r a d ia t i o n  conditions  
used in th is  study are presented in Table 5.11 (Valente,  I 98 I )  and 
various detect ion l im i ts  for  palladium and rhodium in Bowen's Kale in
142,
Short I / r a d ia t iôn  Conditions (Reactor Consort I I )
Single  i r r a d ia t io n s  
Thermal f lu x
-2  -1
Neutron f lu x  (n cm s ) 
I r r a d ia t io n  time (s) 
Decay time (s)
Counting time (s) 
Analyser dead time {%)
1.3*10
30
120
300
16.3
12
Epithermal f lu x  
120 .5*10
180
30
200
3.6
Cyclic  a c t iv a t io n  system 
Thermal f lu x
Neutron f lu x  (n cm ^s ^)
I r r a d ia t io n  time (s) 
Decay t ime (s) 
Couting time (s) 
Number of cycles  
Analyser dead time
1.3*10
30
5
60
5
56
12
Epithermal f lu x  
120 .5*10 
60
1
60
5
4.8
T a b le  5.11
143
De t e c t î  on l im i t s  fo r  the platinum métals in b io lo g ica l  matrices
Short i r r a d ia t  ions
1. Cyclic a c t iv a t io n  system with  epithermal f lu x
lucl 
104
N c l ide y energy,keV detect ion l i m i t ^ ,  yg g ^
Rh 555.8 0.088 (±0.004)
51 .4  0 .107 (±0.001)
188.9 2.98 (±0 . 08)
2. Single i r r a d ia t i o n  with  epithermal f lu x
a "" 1N u c l ide y energy,keV detect ion  l i m i t  , yg g
188.9 2 .92  (±0 .07)
3. Single i r r a d ia t i o n  with  thermal f lu x
-1N u c l ide y energy,keV detect ion l i m i t  , yg g
109r
104,
188.9 162 (±4)
a
Rh 555.8 0.264 (±0.009)
detection l i m i t  def ined as 2 /BACKGROUND in dr ied Bowen's Kale,  
under the peak given (C u r r ie ,  1968).
T a b le  5 .1 2
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Table 5 .12 .  The resu l ts  o f  rhodium and palladium determinations under 
various short i r r a d ia t i o n  condit ions are given in Table 5 .13 .
5.5 Pi scuss ion
Prel iminary  resu l ts  obtained from ICI Bi l l ingham, with  the TRIGA 
reactor ,  were very encouraging. Platinum, rhodium, osmium and I r id ium  
were detected in p lan t  t issues a t  low lev e ls ;  only palladium and 
ruthenium were not detected.  However, the determination o f  platinum 
presented a problem.
Values from the determinat ion on the p lant  ash agreed very well
with those from atomic absorption (ETA AAS; p re l im inary  comparison
presented in Appendix) but when the dr ied  p lant  mater ia l  was ac t iva ted ,
a very much higher value was obtained.  A cross-check with  the 208keV
photopeak indicated the presence of  an in te r f e r in g  nuclide with  a y
1 99energy near to  158keV and with  a s im i la r  h a l f  l i f e  to that  of  Au. 
Activat ion  o f  control plants confirmed the presence of an in te r fe rence  
at 158keV (Table 5 . 7 ) ;  a decay p lo t  o f  th is  a c t i v i t y  in the control  
plant indicated more than one component to the in te r fe rence  which made 
the c a lcu la t io n  o f  i t s  h a l f  l i f e  too d i f f i c u l t .  The y  photopeak at  
208keV proved unsuitable f o r  the determinat ion o f  low leve ls  o f  platinum  
in plant  m a te r ia ls .
These points were invest igated fu r th e r  using the Consort MKI1 
reactor of  the Un ive rs i ty  o f  London. From these s tudies ,  i t  seems the 
most l i k e l y  o r ig in  o f  the in te r fe ren c e  is and ^^Sc, both o f  which
contribute to  the photopeak a t  1S8keV, but o ther  p o s s i b i l i t i e s  cannot be 
ruled out.  At present ,  the only route by which platinum can be d e te r ­
mined accurate ly  in p lant  m ater ia ls  by INAA, is by a c t iv a t io n  o f  the ash 
and measuring the peak area a t  208keV, though the detect ion l im i t  is not 
good.
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Of the other  long l ived nuclides of  the platinum group, ir id ium  
is the most sen s i t ive  and has the best detect ion l i m i t ;  th is  is in 
contrast to the poor s e n s i t i v i t y  and detect ion l im i t s  fo r  i r id ium in 
ETA AAS. INAA has proved useful in the determinat ion of  osmium and 
ruthenium in p lan ts ,  where the problem o f  wet ashing can r e s u l t  in the 
metals being los t  as v o l a t i l e  oxides (Holgye, 1979).
With the short l ived nuclides of  the platinum group, substantia l  
improvements have been made with the determinat ion of  pal ladium, using 
an epithermal f l u x ,  and with rhodium, using the c y c l i c  a c t i v a t io n  system 
under epithermal f l u x .  There has been good agreement with  other  
ana ly t ica l  techniques and a de ta i le d  comparison is reported in chapter 6,
147.
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CHAPTER VI
A COMPARISON OF ANALYTICAL TECHNIQUES FOR 
THE DETERMINATION OF THE PLATINUM METALS IN PLANTS
6.1 In troduct ion
A wide v a r ie t y  o f  instrumental techniques are a v a i la b le  fo r  the 
analysis o f  p lant  m ater ia ls  ( f ig u r e  6 . 1 ) .  They include (a) atomic 
absorption spectroscopy, which is the subject o f  chapter 4,  and 
(b) neutron a c t i v a t io n  ana lys is ,  the subject  o f  chapter 5. Among the 
techniques invest igated In th is  chapter,  are atomic emission spectroscopy 
and X-ray spectrometry.  They are compared to atomic absorption and 
neutron a c t iv a t io n  methods.
The use o f  instrumental techniques fo r  the determinat ion o f  
platinum metals is not new (Beamish and Van Loon, 1977); however, 
evidence o f  t h e i r  use fo r  the determination of platinum metals in 
biological m ater ia ls  is scarce, and has been reviewed elsewhere (ch.2.1 
and c h .3 . 1 ) .
6.2 Preparation o f  standard p lant  mater ia ls  conta ining the platinum
metals
Plant  m a te r ia ls ,  conta in ing one o f  each of  the s ix  platinum metals,  
were prepared in order  to  in ves t iga te  and compare various a n a ly t ic a l  
methods. This was due to the absence o f  any b io logica l  standard reference  
material with  c e r t i f i e d  leve ls  o f  the platinum metals .
The f ree  f lo a t in g  aquat ic  p la n t ,  water hyacinth, {E ic h h o m ia  
orassïpes  MART Solms), was grown in h a l f  s t rength n u t r ie n t  solut ion for  
two weeks. This was carr ied  out in a Prestcold con tro l led  environment
i 4 g .
I/)~oo
_ c4-10)
s
(U
_ c
CO
<
(_)
co in
L
4-1 in
3 X0)
z m
c< <m <
c z
c o
QJE 4-1
3 03
L >
4-1
in 4-J
c o— <
“O
0)
L - o
"U 03
in
in
c
03 03
0 3
L 0
0> £4-1 3
03 zE
T 3
4-> C
c 03
03
CL
33 in
•U  in
C  —  Ü J— E x
Ü J —  
C  CL O X —-
4-1 03
2 f
CL X
CT)C
inm
X
L_O
O )
c
J =
infU
CL
4-1
CO
— (_)2 Q
UJ
X
CL
(O
—  X  
u_
X
X
CO
U J ~ o
CL
o  in
CL
U J Cj I
CL
C_)
O
CO
CO
CL
O
in
mX
m
c :
m
in"O
CJC
c
L
0)
■Oo
0)
33
cn
O
in
_ 0
<
E <
150.
growth room (c h .3 - 1 ) .  Conditions of  growth were: i l lu m in a t io n ,  lO^ft
candles; temperature, 25 ±1°C ( l4 h r  day),  20 ±1°C ( n ig h t ) ,  r e l a t i v e  
humidity 70-75%.
Separate water hyacinths were grown in h a l f  strength n u t r ie n t  
solutions conta ining each o f  the platinum metals .  Each metal was supplied 
as a soluble complex a t  two concentrations designated as 'H I '  and 'LO';  
deta i ls  are given in Table 6 .1 .  A f t e r  one week, the nu t r ien ts  and applied  
platinum metals were replenished.  A f t e r  a second week, the plants were 
harvested, washed with demineralised water and weighed. Those plants  
designated as 'LO' were separated in to  roots and tops, the l a t t e r  being 
used as standard m a te r ia l .  Plants designated as 'H I '  were analysed as 
whole, roots and tops together.  A l l  samples were dr ied  to constant  
weight at  90°C and thoroughly homogenised by gr inding in an agate ball  
mill (Glen Creston).  A number of  representat ive  samples, now designated  
Standard Water Hyacinths, 'H i '  or 'LO' ,  were prepared fo r  analysis  by a 
range o f  methods ( f ig u r e  6 . 1 ) .  Where the quant i ty  o f  mater ia ls  permitted,  
determinations were c a r r ie d  out in dup l ica te .
The b io log ica l  e f fe c ts  of  platinum group metal complexes are not 
considered here but are the subject o f  a d e ta i le d  in ves t iga t ion  in 
chapter 7.
6.3 D.C. Arc Emission Spectrography^
The background and p r in c ip le s  o f  th is  method have been discussed 
elsewhere (chapter 2 . 2 ) .  In th is  study, sem i -q uan t i ta t iv e  spectrographic  
analysis of  p lant  mater ia ls  was ca r r ied  out In the fo l lowing way. About 
500mg o f  the dr ied p lant  mater ia ls  were placed in s i l i c a  containers and 
dry ashed in a muff le  furnace at 550°C fo r  l4hrs .  This ensured the
complete removal o f  the organic matr ix  without loss o f  the non v o l a t i l e
TD'C. arc emission f a c i l i t i e s  were provided by the Ana ly t ica l  Laboratories,  
Johnson Matthey Chemicals, Royston.
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platinum metals. About 30mg duplicates o f  the p lan t  ash were accurately  
homogenised and introduced in to  graph ite  e lectrodes (R ingsdorf f ) .  The 
samples were exc i ted  by a d i r e c t  current  discharge In a i r  inside a Spex 
9010 water cooled arc box. A H i lg e r  and Watts 3.4m Ebert Spectrograph 
equipped with Kodak Spectrum Analysis No.l glass p la tes  was used to 
record spectra.  D e ta i ls  o f  the apparatus and operating parameters are 
given in Table 6 .2 .
Elemental concentrations were ca lcu la ted  on a sem i-q uan t i ta t ive  
basis using a visual comparator with a range o f  standards conta ining the 
platinum metals (Johnson Matthey, Specpure) against ( i )  a graph ite  matrix  
and ( i i )  a sal tcake matr ix  (Na^SO^ .^ IOH2O ) . Results from standard water  
hyacinths t rea ted  with the platinum metals and analysed against both 
types o f  standard are presented in Table 6 .6 .  Values from the analysis  
of Bowen's Kale are given in Table 6 .4  where they are compared to the 
best values obtained from other la b o ra to r ie s .  Ashed samples of  control  
water hyacinths, grown under the same condit ions as given in section 6 .2 ,  
were analysed fo r  up to 21 elements by d.c .  arc emission. These control  
plants had been separated into  roots,  f lo a ts  and leaves, and were 
subjected to mult ie lement ana lys is  by a number o f  other  techniques too.  
Results o f  d .c .  arc emission analys is  are presented in Table 6 .7 ,  along­
side those obtained from I CP emission spectroscopy and PIXE ana lys is .
6.4 induct ive ly  Coupled Plasma Emission Spectrometry
The p lant  m ater ia ls  described in section 6 .2  were prepared for  
analysis as fo l lows.  Representative  samples o f  the dr ied and homogenised 
plants were wet ashed in concentrated n i t r i c  acid (ARISTAR). When 
digestion was complete, the residues were redissolved in concentrated 
hydrochloric acid (ARISTAR) and d i lu ted  to 5% acid with deionised and
153.
Apparatus and operating parameters f o r  d .c .  arc
*î*emission spectrography
Spectrograph:
S l i t  w i d t h :
A n g l e s  e m p l o y e d :  
W a v e l e n g t h  r a n g e :
A r c  B o x :
E x c i t a t i o n  c u r r e n t :  
E x p o s u r e  t i m e :  
E l e c t r o d e s  ( g r a p h i t e )
A n a l y t i c a l  g a p :  
P r o c e s s  i n g :
H i lger  and Watts 3.4m Ebert grat ing  spectrograph 
employing a l4600 l . p . i .  g ra t ing  blazed a t  
530 .Onm.
10pm
9 .9 5 °  and 14.00°
2 4 0 .0 -3 6 0 .Onm in 2nd order  w ith  no f i l t e r .
Spex 9010 water cooled.
12 amps.
2-3m f o r  a to ta l  energy burn 
Anode: Ringsdorff  RW0055
Cathode: Ringsdorff  RWOO83 
3mm.
1. Kodak DG 10 developer (3m a t  68°C)
2. Kodafix f i x e r  (a t  RT)
Table 6 .2
D.C. arc emission f a c i l i t i e s  were provided by the A n a ly t ica l  Laboratories,  
Johnson Matthey Chemicals, Royston.
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d i s t i l l e d  water, in volumetric  f las ks .  Digestion blanks were prepared 
s im i la r ly  and corrections made accordingly .  Some 18 elements were 
determined by I CP emission spectrometry ; the apparatus and operating  
parameters employed are given in Table 6 .3 .  General multie lement  
standards were used to which were added known amounts o f  the platinum  
metals (Johnson Matthey, Specpure). The resul ts  o f  ana lys is  o f  Bowen's 
Kale and NBS SRM 1571 orchard leaves are presented in Tables 6 .4  and 6.5  
respect ive ly ,  along w ith  the c e r t i f i e d  le v e ls .  Control samples o f  water  
hyacinth leaves, f lo a ts  and roots grown under s im i la r  condit ions ,  were 
wet ashed too; I CP resu l ts  of  analysis  have been presented with  those 
from other methods in Table 6 .7 .  The standard water hyacinths containing 
the platinum metals were analysed and these resu l ts  appear in Table 6 .8 .  
Included in th is  tab le  is the analysis  o f  a sample o f  Bowen's Kale
spiked with  the platinum metals which was used as a matr ix  matched
standard in neutron a c t iv a t io n  work (c h .5 ) .
6.5 Proton Induced X-ray Emission*
The p r in c ip les  and app l ica t ion s  o f  th is  technique have been reviewed 
in chapter 2. Several m i l l igrams o f  the powdered p lan t  mater ia l  was 
placed on a ta rg e t  and analysed with  respect to an external  standard.  
Table 6 .4  gives the resul ts  o f  PIXE analysis  o f  Bowen's Kale samples and 
are compared to  c e r t i f i e d  values. Control water hyacinths mater ia ls  were 
analysed by PIXE; the resu l ts  o f  th is  analysis  have been presented,  
along with s im i la r  results  from ICP and D.C. arc emission techniques in 
Table 6 .7 .  Standard water hyacinths containing the platinum metals were
Y
ICP f a c i l i t i e s  were provided by the An a ly t ica l  Laboratories,  Johnson 
Matthey and Company Limited,  Brimsdown.
*PIXE analysis was car r ied  out by the Environmental Science Laboratories  
at the College o f  W i l l iam  and Mary, V i rg ina  Associated Research Campus 
(VARC), V i r g i n i a ,  USA.
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R.F. Generator:  
Torch:
NebulIser:
Power set t ings
Argon set t ings
Spectrometer:
Gratings:
K1111
K1011
Apparatus and operating parameters fo r  I CP 
Emission Spectrometry
Plasma therm 2.5Kw running a t  27.12MHz 
Fasse! Design 
Meinhard
Incident  1300 w atts .
Reflected < 5 watts .
3 -1Cooling 15 dm min
Nebuliser 0 .4  dm^min ^
Plasma 0.8  dm^min ^
Rank H11ger E l 000
2 Holographic
Angle 22 .21°  2036.3 l ines mm ^
Dispersion 0.324nm mm  ^ in the range l88-330nm 
Angle 30 .41°  2036.3 l in e  mm ^
Dispersion 0.3l4nm mm  ^ in the range 322-46lnm 
A11 f i r s t  order 1ines
Table 6 .3
NcP f a c i l i t i e s  were provided by the An a ly t ica l  Laborator ies ,  Johnson 
Matthey and Company L t d . ,  Brimsdown.
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Table 6 .4
Analysis o f  Bowen's Kale by various methods (values 1n yg g except where 
shown as percentage)
Element Best value^ DC Arc PIXE PIXE^ ICP
Au 0.0019  ± 0.0006 nd <1.2 <0 .9 1.7
Ag 0.0155 0.6 <1.4 <1.0 0.28
A1 3.69  ± 7 .0 115 <0.4% <1.1% 158
Ba 5.02 ± 1.0 12 <12 7 -
B 49.9 ± 6 .3 76 - - -
Br 24 .6  ± 2 .3 - 27 27 -
Ca 4.1 ± 0.22% - 4.1% 4.1% 4.4%
Cl 0.36 ± 0.03% - 0.26% c -
Co 0.0624 ± 0.011 - - - 1.67
Cr 0.370 ± 0.089 - - - 19.8
Cu 4.90  ± 0.65 4 4.5 4 .4 4.74
Fe 118 ± 17 76 300-'* 117 104
Ga 0.0267  ± 0.0027 0 .8 <0.5 <0.5 -
K 2.42 ± 0 . 13% - 2 . 38% 2.40% -
Mg 1580 ± 100 >153 - - 1576
Mn 14.95 ± 1.4 12 14 14 13.38
Mo 2.25  ± 0.37 3 1.6 2 .0 12.8
Ni 0.916  ± 0.162 3 <1.4 <0.6 nd
P 4524 ± 0.133 >153 3600 4100 -
Pb 2.48 ± 0.057 0 .8 1.7 1.4 -
Pd 0.026? /  100° 0.6 <1.1 119 nd
Pt 0 .2 ? /  i f nd <1.1 27 nd
Rb 52 .9  ± 4 . 6 - 52 51 -
Rh -  /  5 ° 0 .5 <0.8 5 .4 0.14
Ru 0.0045 /  50 ° nd 0.7 56 0.8
S 1.64 ±0.24% - 1.42% 1 . 47% -
Si 243 ± 8 153 <700 <1200 -
Sr 87.3  ±18 - 95 99 -
V 0 .3 9  ± 0.065 0 .5 10 5 -
Zn 32.7  ± 23 - 34 31 30
Ti 0.15 2.5 <10 <5 -
I r -  /  5° nd <1.2 3.2 1.5
Os - -  /  25° nd <1.3 22 —
ootnotes: a Best values (Bowen, I 98O) ; b Bowen' s kale spiked with
' • ■ r - = > a i i i | j  I e ; kolg
a Possible contaminat ion; e V a lue(pgg-J)  of  p l a t in u m metal on spiked?
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Analysis o f  NBS SRM 1571 Orchard Leaves by ICP, (values in yg g
except where shown as %)
- 1
Element
A1
Ca
Cr
Co
Cu
Fe
Mg
Mn
Mo
Zn
C e r t i f i e d  Value
2.09 ± 0.03%
2.6  ± 0.3  
0.2  
12 ± 1 
270,300  
0.52 ± 0 . 02%
91 ± 4 
0.3  ± 1 
25 ± 3
This work
292
2 . 0 1 %
62
1.6
15.0
285
0 . 58%
79
39
32
from (Jones, e t  a t . ,  
1980)
1.78
1.
2.4
12.0  
256 , 238 
0 . 6% 
86,51 
0 . 2  
25
T a b le  6 .5
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submitted fo r  PIXE analys is  too, and these resu l ts  appear in Table 6 .9 .
6.6 Results and Discussion
Elements other  than those o f  the platinum group
Table 6 .4  gives the resul ts  o f  ana lys is  fo r  Bowen's ka le  by dc arc  
emission spectrography, PIXE and ICP, together  with the 'bes t '  values 
(Bowen, 1974; I 98 I )  (Wainerdi,  1979).  The s e m i -q u an t i ta t iv e  method o f  
dc arc emission gives accept!b le  resu l ts  fo r  four elements: Cu, Mn, Mo
and V. In most cases, however, the resu l ts  a re  f a r  from 'bes t '  values.  
ICP gives be t te r  results  and in Table 6 .5  shows the values found fo r  some 
elements in NBS SRM 1571 orchard leaves, together with some selected  
results from another study (Jones e t  a l , ,  I 982 ) .  I t  can be seen from 
Tables 6 .4  and 6 .5  tha t  reasonable resul ts  from the ICP method are found 
for Ca, Fe, Mg, Mn, Zn and Cu. However, A1, Cr and Mo are co n s is ten t ly  
high. Jones e t  a l ,  ( I 982) have analysed p lant  m ater ia ls  by ICP a f t e r  wet 
ashing in a n i t r i c - p e r c h l o r i c  acid mixture.  They determined Ca, Fe, Mg, 
Mn and P d i r e c t l y  and other  elements: Cd, Cu, Mo, Ni ,  V, Zn, A1, Co and
Pb a f t e r  concentration on Chelax 100 resin.
Using PIXE, acceptable resu l ts  fo r  Bowen's ka le  were obtained fo r  
Br, Ca, Cu, Fe, K, Mn, P, Rb, S, Sr and (Ba) . Maenhaut e t  a l ,  (1982) 
suggested tha t  PIXE can be used to est imate Ca, Fe, Cu, Zn and Br In 
human serum and i t  has been suggested also tha t  Cu, Fe, Mn, Pb, Sr and 
Zn can be determined in so i ls  (Baum e t  a l , ,  1976).  Both Jones (1982) 
and Robberecht e t  a l .  (1982) have shown that  the pre-concentra t ion  step 
in the analysis  fo r  t race  elements is c r i t i c a l .  For example. Si i n t e r ­
feres with the determinat ion o f  Fe, A1 and Mn i f  HF is not used as part  
of the pre -d igest ion  acid treatment.  Bromine may be lost  even using low 
temperature ashing (Robberecht, 1982).  In th is  study PIXE analysis  was
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carr ied out on the dr ied homogenised plant  mater ia l  without pre­
digestion. For rout ine analyses, the e l im in a t io n  of pre-concentra tion  
steps reduces the p o s s i b i l i t y  o f  contamination.
Table 6 .7  shows the resu l ts  o f  the analysis  o f  control water  
hyacinths, grown without added plat inum metals,  by the three a n a ly t ic a l  
methods: dc arc emission, ICP and PIXE. The ana lys is  o f  Bowen's kale
had indicated tha t  a l l  three methods should give reasonable resu l ts  fo r  
Cu and Mn and these are found to be of  the same order  by a l l  three methods. 
The ICP resu l ts  were, however, con s is te n t ly  higher .
Examination o f  the d i s t r i b u t io n  o f  t race  elements in water  hyacinth 
shows there  is a large v a r ia t io n  in the leve ls  between contro ls  and plants  
treated with the platinum metals.  In p a r t i c u l a r ,  the leve ls  o f  Fe and Mn 
seem a f fe c te d  by treatment with platinum metals.  Further inves t iga t ion  
of these intere lement re la t ionsh ips  is needed.
Determination o f  the platinum group metals
Table 6 .4  includes the PIXE analys is  o f  a sample o f  Bowen's kale  
which had been spiked with  the platinum metals .  This same spiked sample 
was used as a m atr ix  matched b io lo g ic a l  standard in neutron a c t iv a t io n  
analysis.  Values (yg g ^) obtained by PIXE ana lys is  were as fol lows:
Pd: (100) found 119; Pt:  (25) found 27; Rh: (5) found 5 .4 ;  Ru: (50) found 
56; I r :  (5 ) found 3 .2 ;  Os: (25) found 22.
A comparison o f  values fo r  the platinum metals ,  in standard water 
hyacinths, determined by var ious techniques is presented in Table 6 .10 .
None of  the plat inum metals in the 'LO' samples were detected by ICP;
'HI' samples show a good measure o f  agreement. PIXE is s u i ta b le  as a 
method fo r  the determination o f  elements in p lan t  samples including those 
of the platinum group. ICP is s a t is fa c to r y  fo r  the platinum metals in 
plant samples but only at r e l a t i v e l y  high concentrations.  DC arc emission
165.
spectrography îs unsuitable fo r  low level determinations of  the  
platinum metals in p lan t  ash, pal ladium in p a r t i c u l a r .  However, i t  is 
apparent from th is  work and other  studies (Le Roy e t  a t . ,  1977) tha t  of  
al l  the elements in the platinum group, platinum is the most d i f f i c u l t  to 
determine in plants and o ther  b io log ica l  samples.
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CHAPTER V I I
A STUDY OF THE UPTAKE AND ACCUMULATION OF THE 
PLATINUM METALS BY EICHHORNIA CRASSIPES (MART.) SOLMS (WATER HYACINTH)
7.1 Introduct ion
7.1.1 The d i s t r i b u t io n  o f  the water hyacinth {E tohhovn ta  orass-ipes) 
E ioK hovn ia  c ra s s ïp e s  (MART.) Sol ms (water hyacinth) is a f ree
f lo a t in g  aquatic  p lan t  which is found in many t ro p ic a l  and sub t ro p ic a l  
regions o f  the world,  although i t  is a t rue  indigene o f  South America. 
With i t s  highly p r o l i f i c ,  vegeta t ive  reproduct ive system, i t  can double 
in number every 8-10 days, p a r t i c u l a r l y  in warm n u t r ie n t  enriched waters.  
As a consequence, many r iv e r s ,  ditches and canals in A f r ic a ,  Asia and 
the southern U.S. have become in fested with t h is  p la n t .  I t  is not c le a r  
just how t h is  p lan t  came to spread so rap id ly  in the U .S .A . ,  but I t  is 
thought to have been introduced during the In te rn a t iona l  Cotton 
Exposition in 1884. The plants were d is t r ib u te d  as souvenirs,  pr ized fo r  
the ir  beauty (P la te  7 . 1 ) ,  and c u l t iv a te d  in surrounding d i s t r i c t s .  From 
there, they found t h e i r  way in to  streams and r iv e r s ,  where the rapid 
rate of  growth caused severe overcrowding (Hildebrand, 1946).
The subsequent spread o f  the water hyacinth has been both 
spectacular and disastrous everywhere. Throughout A f r ic a  and Asia,  the 
plant has spread, clogging r i v e r s ,  lakes and streams, sometimes competing 
for space w ith  other  aquatic  weeds such as water l e t t u c e  { P is t ia  
s t ra t io te s )  and duckweed {Lemna mirnov) (Sculthorpe,  1967).
Before 1937, water hyacinths were c o n t ro l le d  w ith  sodium a rs e n i te ,  
until the t o x i c i t y  hazard was rea l is ed ;  a f t e r  th is  the p lant  hormone 
2,4-dichlorophenoxyacetic acid (2 ,4 -D)  was used to control i t s  growth
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Plate 7.1 Inflorescences of the water hyacinth {E ïchhom ia  crassïpes, 
(MART.) Solms)
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Hitchcock e t  a l . ,  1949).  A recent report has suggested tha t  g i b b e r e l l i c  
acid can enhance the e f f e c t  o f  2 ,4 -D on water hyacinth tenfo ld  (P ie te rse ,
1980) .
7 . 2.1 The morphology o f  the water hyacinth [E-iahhovn'ia c ra s s tp e s )
A f u l l y  grown water hyacinth consists o f  roots,  rhizomes, stolons,  
leaves, inf lorescences and f r u i t  c lu s te rs  (Figure 7 .1 )  (P la te  ( 7 . 2 ) .  In 
a dense mat i t  is very d i f f i c u l t  to d is t in g u ish  between rhizomes and 
stolons, but both serve d i s t i n c t  and d i f f e r e n t  funct ions.  The ' tops '  o f  
water hyacinth possess swollen port ions of  the p e t io le s ,  which are ca l led  
f lo a ts .  Thus the p lant  tops consis t  of  a membraneous l i g u l e ,  with  sub­
f lo a t ,  f l o a t  and an isthmus jo in in g  the blade or pseudolamina.
The biology o f  the water hyacinth has been the subject o f  several  
comprehensive botanical  reviews (Arber,  I 918 ; 1922) (Penfound and E a r l e , 1948) 
(Sculthorpe, 1967).  Anatomical studies have been reported also (Weber,
1950) (Hasman and Inane, 1957).
7 . 1.3 The inorganic composition of  the water hyacinth {E io h h o m ta  o ra s s ip e s )
I t  has been suggested tha t  vascular  aquatic  plants might prove use­
ful fo r  mineral n u t r ie n t  removal from po l lu ted  waters (Boyde, 1970).  Water 
hyacinths have been used successfu l ly  to t r e a t  anaerobic lagoon e f f lu e n t  
(Miner e t  a t . ,  1971) and sewage waste (Rogers and Davis,  1972) (McDonald 
and Wolverton, I 98O). Laboratory studies on t h e i r  growth c h a ra c t e r is t i c s ,  
yield po ten t ia l  and n u t r i t i v e  content have indicated that  the harvested 
plants could be a useful food supplement fo r  l iv e s to c k  (Knipl ing e t  a t . ,  
1971) .  P i l o t  studies have been conducted into  the uptake and accumulation 
of nitrogen,potassium and phosphorus by water hyacinths, from lakes,  ponds 
and sewage lagoons, fo r  the purpose o f  producing biogas and f e r t i l i z e r ,  
and feeding l ive s to ck  (Boyde, 1970) (Boyde and Scarsbrook, 1975) (Wolverton 
swd McDonald, 1976).
Many recent studies of  the water hyacinth have centred on the uptake
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P l a t e  1 . 1  T h e  w a t e r  h y a c i n t h  { E i c J i h o r n ' i a  o r a s s - i p e s  M A R T  S o lm s )
P s e u d o l a m i  na
I s t h m u s
Fl o a t S t o l o n
S u b f 1oa  t
Rh i zome
R o o t
F i g u r e  7 .  1 S c h e m a t i c  d r a w i n g  o f  a w a t e r  h y a c i n t h  { E i . o h . h c i m ia  c r a s s ï p e s  
M A R T  S o l m s )  ( a f t e r  C o o l e y  a n d  M a r t i n ,  1 9 7 7 )
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of trace metals as well  as macronutrients .  Boyde (1971) has reported  
that  the elemental composition o f  water hyacinths f a l l s  w i th in  the range 
of elemental values reported f o r  other  aquatic  and t e r r e s t i a l  p lan ts .  I t  
has been demonstrated th a t  the water hyacinth is able  to remove substant ia l  
quant i t ies  o f  s i l v e r ,  cobalt  and stront ium from s t a t i c  water systems 
(Wolverton and McDonald, 1975).
The trace metal d i s t r i b u t io n  w i th in  the water hyacinth has been 
studied and re la ted  to the s o l u b i l i t y  ( log Ksp) o f  the metal carbonate 
(Cooley and M ar t in ,  1976; 1977).  Laboratory experiments have been 
conducted, using hydroponic techniques, to in ves t ig a te  the uptake o f  heavy 
metals in water hyacinths.  These have ranged from the b e n e f ic ia l  elements 
copper, manganese and z inc (Johnson and Sheeham, 1977) to the tox ic  metals 
cadmium, lead, a rsen ic ,  mercury and nickel (Tatsuyana e t  a t . ,  1977; 1979) 
(Chigbo e t  a t . ,  1979) (Widyanto e t  a t . ,  1978).  A large par t  o f  th is  study 
is concerned with  the uptake, by water hyacinths, o f  the s ix  heaviest  
elements in group V I I :  the platinum metals (platinum group m eta ls ) .  The
aims o f  the uptake experiments reported in th is  chapter can be summarised:
(a) to inves t iga te  the r e l a t i v e  t o x i c i t y  o f  the platinum metals when applied  
as water soluble  chloro-complexes; (b) to ascer ta in  the po ten t ia l  use of  
water hyacinths in recovering t race  q u a n t i t ie s  o f  the platinum metals from 
solution,
Cooley and M art in  (1978, 1979) have i d e n t i f i e d  a t  l eas t  three water  
hyacinth biotypes based on s ize  d i f f e re n c e s .  As well  as the more usual 
small and medium sized p lan ts ,  they have designated the large water  
hyacinths with  stems ra ther  than f lo a ts  as "super-hyacin ths".  V a r ia t io n  
in the trace metal d i s t r i b u t io n  between the biotypes are reported also.
It  would seem th a t  the uptake of  iron and manganese are p a r t i c u l a r l y  
important (Cooley and M ar t in ,  I 98O).
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7 .2  E x p e r im e n ta l
Supplies o f  water hyacinths {E ïchhornûz e ra s s ïp e s )  were obtained  
from Adventure Water Gardens L t d . ,  Bracknell  and were maintained as stock 
throughout the durat ion o f  the uptake experiments. The mother plants  
were kept in polypropylene tanks (Osmaflow, Wavin P las t ics  L td . )  containing  
68dm^ o f  water with  a n u t r ie n t  base o f  4-5kg o f  John Innes No.l  s o i l .
Pr ior  to the commencement o f  the uptake experiment,  young vegeta t ive  o f f ­
spring were removed from the mother plants by severance o f  the stolon  
where i t  jo ined the rhizome o f  the daughter.  These plants were washed in 
deionised water and t rans fe r red  to a large p l a s t i c  conta iner  o f  n u t r ie n t  
solut ion a t  h a l f  s t rength .  D e ta i ls  o f  the f u l l  s t rength n u t r ie n t  solut ion  
used are given in Table 3 .1 ,  chapter 3 .1 .  The plants selected fo r  each 
indiv idual  experiment were chosen fo r  un i fo rm i ty  o f  s ize  and growth, how­
ever, i t  was not possible to obta in  the same sized p lant  fo r  every 
experiment and consequently some uptake experiments were conducted with
medium sized p lan ts ,  others with small sized p lan ts .  This is indicated in
the respect ive ta b le s .
The metal uptake experiments were c a r r ie d  out under con tro l led  
conditions in a Prestcold environmental growth room (Chapter 3 . 1 ) .  Cool 
white f luorescent  and tungsten f i lam ent  tubes provided a complete spectra l  
coverage o f  10 f t  candles or 10760 lux. A l4hr  day was maintained a t  a 
temperature o f  25±1°C (day) and 20±1°C ( n ig h t ) .  R e la t ive  humidity was 
d i f f i c u l t  to control and remained in the region 70-75% throughout the
3
experiments. The plants were placed in 2dm p l a s t i c  containers covered 
with black adhesive tape. Aeration was ca r r ied  out by supplying compressed 
air via  p l a s t ic  tubing to  s in tered  glass f i l t e r  s t ic k s ,  which were 
suspended in the so lu t ions .  The tubing was ringed and clamps used fo r
uniform pressure. To reduce the p o s s i b i l i t y  o f  contamination by splashing
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white p l a s t ic  b a l ls  were placed on the surface of  the n u t r ie n t  so lut ion  
with the plants fo r  the durat ion o f  the uptake experiment (P la te  7 . 3 ) .
At the beginning of  each uptake experiment, the 2dm  ^ conta iner  was 
charged w ith  h a l f  strength n u t r ie n t  solut ion and a s p e c i f ic  concentration  
of  a platinum group metal complex. Le t te rs  were used as metal concentration  
codes; these are given in Table 7 .1 .
Platinum metals applied concentration
mol dm-3
Code ppm o r .mg dm Ru Rh Pd Os 1 r Pt
A 0.05 4 .94x lo"7 4 . 85x 10' ^ 4 . 69x 10"? 2.62x10"? 2.60x10"? 2 . 56x 10"?
B 0.5 4.94x10"* 4 . 85x 10"* 4 . 69x 10" * 2.62x10"* 2 .60x10"* 2 .56x10"*
C 2 .5 2.47x10*^ 2.42x1o"S 2.34x10"^ 1.31x10"S 1 .30x10"5 1.28x10“^
D 10.0 9.89x10"5 9.71x10"5 9.39x10"S 5.25x10"5 5.20x10"5 5.12x10"5
E 20.0 1.98x10"^
-41.94x10 1.88x10”^ 1.05x10"^ 1 .04x10"^ -41.03x10
F 30.0 2.97x10"^ 2.92x10"^ 2.82x10"^ 1.58x10"^ -41.56x10 1.54x10"^
Table 7.1
7.2.1 The uptake o f  plat inum, applied as various complexes, by the water  
hyac inth
The uptake o f  platinum by water hyacinths was studied by applying  
the metal in various complexed forms in combination w ith  a n u t r ie n t  
solution a t  h a l f  s t rength .  The fo l low ing  platinum concentrations were 
examined: 0 .05 ,  0 . 5 ,  2 .5  and 10.0 ppm (mg dm ^ ) . Each uptake experiment
was designated by a number; these and the forms in which platinum was 
applied are given in Table 7 .2 .
The plants were grown alongside contro ls  (Table 7.15)  which were in
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Expt. No. platinum applled as pt"+ complex stereochemistry
5 ci s [Pt(NH2 ) 2Cl2 ] neutra l  complex; square planar
8 trans [P t (NH^)2CI23 Pt2+ neutral  complex; square planar
10 K2[PtCl^] Pt%+ anionic complex; square planar
14 (NH^)2CPtCl^] Pt4+ anionic  complex; octahedral
Table 1 .1  The uptake of  platinum by water hyacinths
In h a l f  strength n u t r ie n t  so lut ion  only.  A l l  so lut ions were topped up 
dai ly  with  deionised water.  A f t e r  one week, the n u t r ie n t  solut ions and 
applied platinum were renewed. The p lants were harvested a f t e r  two weeks 
growth. Each was washed c a r e f u l l y  with  d i s t i l l e d  deionised water and 
placed on clean dry b lo t t in g  paper fo r  surplus water to drain o f f .
The plants were separated in to  roots and tops, placed in sealed 
p las t ic  bags and the wet weights determined as soon as possib le .  They 
were oven dr ied at  90°C f o r  24hrs, al lowed to cool in a des iccator  and 
the dry weights determined. The dr ied p lan t  m ater ia l  was analysed fo r  
platinum by wet ashing in concentrated ARISTAR n i t r i c  ac id .  When ashing 
was complete,  the digest  was taken to near dryness and 5ml concentrated  
ARISTAR hydrochlor ic  acid added. The digests were taken down with  
hydrochloric acid several times to d r ive  o f f  n i t r a t e  fumes. F i n a l l y ,  they 
were taken up with  conc. hydrochlor ic  acid and made up to 5% v :v  in acid  
with deionised and d i s t i l l e d  water .  Platinum was determined by atomic 
absorption spectroscopy. High leve ls  were determined in an a i r -acety lene  
flame, with lanthanum c h lo r id e  (0.2% w/v La^^) used as a re leas ing agent.  
Details o f  instrument se t t ing s  and other parameters are given in Table 7.3  
Lower levels  of  plat inum, which were below the detect ion  lim it  o f the
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flame, were determined by e lectrothermal  atomisation atomic absorption  
(ETA AAS). The d e t a i ls  of  th is  method are reported in chapter 2. Calcium 
was determined in some o f the experiments but not a l l .  The y ie lds  and 
analyses o f  plants t rea ted  with  platinum appear in Tables 7 .4  to 7 .7 .
Values fo r  the recovery o f  platinum from solut ion  are given in Table 7 .16 .
Results and Discussion
The plants were photographed at  the s t a r t  and a t  the conclusion o f  
the uptake experiment.  A se lec t ion  o f  these appear in p la tes  7 .4  to 7 .9 .  
Toxic e f fe c ts  were observed fo r  c is  CPt (NH^)2Cl2 n a t  the 2.5ppm level where 
some chlorosis  was evident  and a drop o f f  in y ie ld  was recorded. At the 
lO.Oppm le v e l ,  the drop o f f  in y ie ld  was more marked, with some p lant  
leaves v i s i b l y  necro t ic ;  ch loros is  was much more in evidence a lso .  Roots 
at th is  level were stunted and darkened qu i te  considerably.  S im i la r  
toxic e f fe c ts  were observed fo r  the uptake of  trans [P t (NH^)2C l2]  and 
K^fPtCl^],  with  the drop o f f  In y ie ld  occuring between the 0 .5  and 2 .5  
ppm leve ls .  The e f f e c t  o f  platinum as (NH^ÏgfPtCl^] was much less t o x ic .  
Only a s l ig h t  drop o f f  in y ie ld  a t  the lO.Oppm level was recorded w h i ls t  
the roots a t  th is  level were s l i g h t l y  yellowed; a t  the highest level of  
applied p la t inum ,ch loros is  o f  the tops was evident  too (P la te  7 . 9 ) .
The accumulation o f  platinum in the roots o f  water hyacinths is
quite s u b s ta n t ia l .  In a l l  cases the amount o f  plat inum taken up by the
plants increases as the concentration of  applied platinum is Increased.
Some of  the plat inum taken up by the roots is t ransported to the p lant
tops. This is less s i g n i f i c a n t  fo r  CPtCl^] where very l i t t l e  platinum
was detected in the p lan t  tops; t h is  may account fo r  the absence o f  tox ic
effects  observed with other  forms o f  plat inum. The calcium leve ls  did
not appear s i g n i f i c a n t  fo r  p lant  tops but fo r  the p lan t  roots,  a c le a r
increase in calcium concentration occurs with the increase in applied  
platinum.
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P l a t e  7 . 4  
T h e  u p t a k e  o f  
p l a t i n u m  a p p l î e d  
a s
c i s  [ P t f N H g i z C l . ]
P l a t e  7 . 5
The  u p t a k e  o f  p l a t i n u m
a p p l l e d  as
t r a n s  [ P t ( N H ^ ) 2 C l ^ ]
CONTROL
P l a t e  7 . 6
T h e  u p t a k e  o f  p l a t i n u m  
a p p l i e d  a s  
K^CPtCl^]
17 9 .
Plate 1.1 The e f fect  of platinum, applied as trans [Ft  (NH^)^Cl2 ] ,  on 
the roots of Ei.chhom.'ùa arassïpes
r a i i
^late 7.8 The ef fect  of platinum, applied as K^CPtCl^], on the roots
of E'ùchhomïa crass'Cpes
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(b)
Plate 7.9 The uptake of platinum, applied as (NH|^ ) ^ [P tC l^] , by the
water hyacinth {E'tchl'iorri'ia crassïpes) ; (a) before platinum 
application; (b) a f te r  14d growth with applied Pt.
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Y i e l d s  and a n a l y s i s  o f  EieW iovnia ovassi-pes t r e a t e d  w i t h  c i s [ P t ( N H , ) ^Cl
Plant  tops^ A5 B5 C5 D5
Applied Pt (ppm) 0 .05 0 .5 2 .5 10.0
Wet weight (g) 20.87 37.24 15.96 21.43
Dry weight (g) 1.47 2 .8 9 0.98 1.47
Weight o f  Water (g) 19.40 34.35 14.98 19.96
Water present (%) 93.0 92.2 93.9 93.1
Total  Pt (yg) 12.5 124 1050 3275
Pt (ppm dry weight) 8 .5 43 1068 2225
Total Ca (mg) 29.4 52 .0 24.6 42 .7
Ca (% dry w e ig h t } 2 .0 1.8 2 .5 2 .9
Plant  roots^ A5 B5 C5 D5
Applied Pt (ppm) 0.05 0 .5 2.5 10.0
Wet weight (g) 5.51 7.71 4.44 10.30
Dry weight (g) 0.63 1.10 0.52 0.91
Weight o f  water (g) 4.88 6.61 3.92 9.39
Water present {%) 88.6 85 .7 88.3 91.2
Total Pt ( yg) 100 1751 6050 23889
Pt (ppm dry weight) 159 1590 11546 26397
Total Ca (mg) 1.6 3 .6 3 .0 7.8
Ca {% dry weight) 0.25 0.33 0.58 0.86
Medium s i z e d  p l a n t s
Table 7.4
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Y i e l d s  and a n a l y s i s  o f  E iahhorn 'ia  orass'Cpes t r e a t e d  w i t h  t r a n s Ç P t f N H g l ^ C l o ]  -
Plant  tops^ A8 B8 C8 08
Applied Pt (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 33.53 39.65 22.44 16.74
Dry weight (g) 3.07 2.85 2 .3 9 2.63
Weight o f  water  (g) 30.46 36.80 20.00 14.11
Water present {%) 90.8 92.8 89.3 84 .3
Total  Pt (yg) 8 .3 162 946 2580
Pt (ppm dry weight) 2 .7 57 396 981
Total Ca (mg) 67.5 51.3 52 .6 55.2
Ca {% dry weight) 2 .2 1.8 2 .2 2.1
Plant roots^ AS B8 C8 D8
Applied Pt (ppm) 0.05 0.5 2.5 10.0
Wet weight (g) 4 .29 5.27 3.21 1.89
Dry weight (g) 0 .49 0.45 0.48 0.32
Weight o f  water (g) 3.80 4.82 2.73 1.57
Water present {%) 88.6 91.5 85 .0 83.1
Total Pt (yg) 74 1313 1865 4006
Pt (ppm dry weight) 152 2919 3885 12520
Total Ca (mg) 2 .0 1.9 2.1 1.6
Ca (% dry weight) 0.41 0.43 0.43 0.49
Medium s i z e d  p l a n t s
Table 7 .5
Y i e l d s  and a n a l y s i s  o f  E ich ho rn ia  ovass-tpes t r e a t e d  w i t h  K^ C P tC l j  ]
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Plant  tops^ AlO BIO CIO DIO
Applied Pt (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 35.06 30.19 19.36 17.99
Dry weight (g) 2 .69 2.33 1.72 1.81
Weight o f  water (g) 32.37 27.86 17.64 16.18
Water present {%) 92.3 92.3 91.1 8 9 .9
Total Pt (yg) 6 56 232 2778
Pt (ppm dry weight) 2 .2 24 135 1535
Total Ca (mg) 35.0 28 .0 34.4 34.4
Ca (% dry weight) 1.3 1.2 2 .0 1.9
Plant  roots^ A10 BIO CIO DIO
Applied Pt (ppm) 0.05 0 .5 2 .5 10.0
Wet weight (g) 5 .99 5.01 3.91 5.76
Dry weight (g) 0.47 0.42 0.31 0.44
Weight o f  water (g) 5.52 4.59 3.60 5 .32
Water present {%) 92.1 91.6 92.1 92.4
Total Pt (yg) 126 730 2276 13069
Pt (ppm dry weight) 268 1739 7341 29702
Total  Ca (mg) 1.7 1.7 2 .5 4 .3
Ca {% dry weight) 0.37 0.41 0.81 0.97
Medium s iz e d  p lants
Table 7.6
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Y i e l d s  and a n a l y s t s  o f  E ich ho rn ia  cvassïpes  t r e a t e d  w i t h  (NH,^) ^ [P tC I
Plant  tops^ A14 B14 . Cl 4 D14
Applied Pt (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 51 .79 62.16 48.86 44.88
Dry weight (g) 3.38 4.11 3.30 3.05
Weight o f  water (g) 48.41 58.05 43.56 41.83
Water present {%) 93.5 93.4 93.0 93 .2
Total  Pt (yg) nd 103 89 549
Pt (ppm dry weight) nd 25 27 180
Plant  roots^ A14 614 C14 D14
Applied Pt (ppm) 0.05 0 .5 2.5 10.0
Wet weight (g) 7.96 9.81 7.82 9.02
Dry weight (g) 0.42 0.49 0.50 0.48
Weight o f  water (g) 7.54 9.32 7.32 8 .54
Water present {%) 94.7 95.0 93.6 94.7
Total Pt (yg) 56 522 3127 5484
Pt (ppm dry weight) 133 1066 6253 11424
Medium s i z e d  p l a n t s
T a b le  7 .7
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7 .2 .2  The uptake of  pal ladium by the water hyacinth  
Experimental
The apparatus and condit ions used in t h is  experiment were the same 
as those used f o r  platinum. Palladium was applied in two forms (Johnson 
Matthey Research Centre) a t  the fo l lowing le v e ls :  0 .0 5 ,  0 . 5 ,  2 .5  and
lO.Oppm Pd.
Expt. No. Palladium applied  as pd"+ complex sterochemistry
6
9
KgCPdCI ]
c is [Pd(NHj)2C l2] Pd'+
anionic complex, square planar  
neutra l  complex, square planar
The plants were grown f o r  two weeks; palladium and nu t r ien ts  were renewed 
a f t e r  one week. The plants were harvested and prepared fo r  ana lys is  as 
described before. Palladium was determined by atomic absorption spectro­
scopy; high leve ls  using the a i r -a c e t y le n e  flame (Table 7 . 3 ) ,  and low 
levels  using e lectrothermal  atomisat ion (chapter 4 ) .  The resu l ts  are  
given in Tables 7 .8  and 7 .9 .
Results and Discussion
,2-A f t e r  two weeks growth, the p lants  t re a te d  with  [PdCl^] displayed  
toxic e f fe c ts  a t  the 2 .5  and lO.Oppm le v e ls .  Chlorosis o f  the leaves was 
evident and normal growth had been r e s t r ic te d .  The roots were stunted in 
growth and dark brown In co lour ,  ind ica t ing  some p r e c i p i t a t i o n  may have 
taken place.  These e f fe c ts  were more marked a t  the lO.Oppm level  (P la te  
7 .10 ) .  As with  plat inum, a drop o f f  in y ie ld  was recorded between the 
0.5 and 2.5ppm leve ls .  The water content o f  the p lan t  tops in both 
palladium experiments decreased with increase in app l ied  palladium  
concentration.
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Plate 7.10 
The uptake of 
palladium applied as
K^CPdCl^]
Plate 7.11
The uptake of palladium
applied as
cis [PdfNH^jzCl^]
19
&
I
m
Plate 7.12
The e f fec t  of palladium 
app1ied as 
cis CPcKNHjj^Cl^] 
on roots of
E ïchhom ïa orass'Cpes
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Y ie ld s  and a n a ly s is  o f  Exohhotm.a crass ipes  t r e a t e d  w i th  K^ C P dC I , ]
Plant  tops^ . A6 B6 C6 D6
Applled Pd (ppm) 0.05 0 .5 2 .5 10.0
Wet weight (g) 14.09 12.47 5.78 9.73
Dry weight (g) 0 .89 0.86 0.53 0.80
Weight o f  water (g) 13.20 11.61 5.25 8.93
Water present (%) 93 .7 93.1 90.8 91.8
Total Pd (yg) 35 87 460 2120
Pd (ppm dry weight) 39 102 876 2664
Plant  roots^ A6 B6 C6 D6
Applied Pd (ppm) 0.05 0 .5 2.5 10.0
Wet weight (g) 1.25 2.10 0.56 1.26
Dry weight (g) 0.13 0.22 0.07 0.10
Weight o f  water (g) 1.12 1.88 0.49 1.16
Water present {%) 89 .6 89.5 87.5 92 .1
Total  Pd (yg) 42 410 1417 7043
Pd (ppm dry weight) 316 1908 20241 67723
SmalI s ized  pi ants
T a b le  7 .8
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Y i e l d s  and a n a l y s i s  o f  E ie hho rn ia  o rass ipes  t r e a t e d  w i t h  c î s [P d ( N H ^)
Plant tops^ A9
.
B9
- -
C9 D9
Applied Pd (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 20.76 20.45 9.60 9.74
Dry weight (g) 1.90 1.95 1.12 1.56
Weight o f  water (g) 18.86 18.50 8.48 8.18
Water present (%) 90.9 90.5 88 .3 84.0
Total  Pd (yg) 42 127 1071 4086
Pd (ppm dry weight) 22 65 956 2619
Plant  roots^ A9 B9 C9 D9
Applied Pd (ppm) 0.05 0.5 2.5 10.0
Wet weight (g) 4.71 6.47 1.57 2.12
Dry weight (g) 0 .40 0.34 0.16 0 .19
Weight o f  water (g) 4.31 6.13 1.41 1.93
Water present {%) 91.5 94.8 89 .8 91.0
Total Pd (yg) 103 660 2905 9979
Pd (ppm dry weight) 255 1935 17934 52246
Small  s i z e d  p l a n t s
T a b le  7 -9
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With palladium applied as c is  [Pd(NH_)2Cl2 ] ,  again a drop o f f  in
y ie ld  was recorded between the 0 .5  and 2.5ppm leve ls .  The to x ic  e f fe c ts
2 -
observed at high leve ls  appeared more severe than those with [PdCl^]
(p la te  7 .1 1 ) .  Necrot ic  p lant  tops were evident and growth was very 
r e s t r ic te d .  The roots were stunted and dark brown in colour  (P la te  7 . 1 2 ) .  
Both forms o f  pal ladium were taken up in substant ia l  q u a n t i t ie s  by the  
plant  roots; smal le r  but s im i la r  amounts were transported to the p lan t  tops 
in both cases. Values fo r  the recovery of  palladium from d i l u t e  solut ions  
are given in Table 7 .16.
7 .2 .3  The uptake o f  ruthenium by the water hyacinth  
Expérimenta 1
The uptake of  ruthenium was invest igated  using s im i la r  techniques.
Two ruthenium complexes (Johnson Matthey Research Centre) were applied a t  
the fo l lowing leve ls :  0 .05 ,  0 . 5 ,  2 .5  and lO.Oppm Ru;
13 (NH|^ ) ^[RuCl^l Ru^ "*" an ionic  complex, octahedral
2+18 C R u ( p h e n ) 1 2 Ru c a t io n ic  complex, octahedral with
three bidentate c he la t ing  l igands.
The plants were grown fo r  two weeks, harvested and dr ied .  Ruthenium 
determinations were c a r r ie d  out on the dr ied homogenised p lant  mater ia l  
using Instrumental Neutron A c t iva t io n  Analysis ( INAA). Results are  
given in Tables 7 .10  and 7 .11 .  D e ta i ls  of  the a n a ly t ic a l  method are 
given in chapter 5.
Results and Discussion
A f t e r  several days, a black p r e c i p i t a t e  was observed in the n u t r ie n t  
solutions conta ining the complex anion CRuCl^]^ , which is known to be 
unstable in aqueous s o lu t ion ;  i t  undergoes aquation in a matter o f  seconds:
[ R u C I / ] 3 '  ^  CRuCl_(H,0]^‘D  7 0 Z
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Plate 7.13 The uptake of ruthenium applied as (NH^ )^ ^[RuCl^]
2 -5 p p n v  R u .^O'OSppm. RuJ
1 0  0  ppm. RuJO Spp»^  Ru.^
RUTHENlUn A S  [ R a ( p W \ l I ,
Plate 7.14 The uptake of ruthenium applied as [Ru ( p h e n ) I ^
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Y i e l d s  and a n a l y s i s  o f  E io h h o m ia  o rass ip es  t r e a t e d  w i t h  (NH^) , [RuC1
Plant  tops* A13 B13 C13 D13
Applied Ru (ppm) 0.05 0 .5 2 .5 10.0
Wet weight (g) 9 .39 10.66 10.17 9.13.
Dry weight (g) 0.70 0.94 0.74 0.95
Weight o f  water (g) 8.69 9.72 9.43 8.18
Water present {%) 92.6 91.2 92.7 89 .6
Total Ru (yg) 41 258 722 2452
Ru (ppm dry weight) 59 274 975 2581
Plant  roots* A13 813 C13 D13
Applied Ru (ppm) 0.05 0.5 2.5 10.0
Wet weight (g) 1.20 1.32 0.95 0.80
Dry weight (g) 0.10 0.13 0.09 0.15
Weight o f  water (g) 1.10 1.19 0.86 0.65
Water present (%) 91.7 90.2 90.5 81.3
Total  Ru (yg) 16 519 1402 7505
Ru (ppm dry weight) 156 3990 15578 50036
Smal1 sI zed p l a n t s
T a b le  7 .10
192.
Y i e l d s  and a n a l y s i s  o f  Eiohhovn'ia o rass ipes  t r e a t e d  w i t h  [R u (p hen ) ^ 3• 2
P la n t , to p s * A18 BI8 CI8 DI8
Applied Ru (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 21.12 25.94 17.06 17.37
Dry weight (g) 1.58 1.96 1.75 1.65
Weight o f  water (g) 19.54 23.98 15.31 15.72
Water present (%) 92.5 92.4 89 .7 90.5
Total Ru (yg) 19 251 2328 1054
Ru (ppm dry weight) 12 128 1330 639
Plant  roots* A I 8 B18 CI8 D18
Applied Ru (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 3.24 3.64 5.25 3.72
Dry weight (g) 0.30 0.32 0.40 0.27
Weight o f  water (g) 2.94 3.32 4.85 3.45
Water present (%) 90.7 91.2 92.4 92 .7
Total Ru (yg) 71 670 4237 1637
Ru (ppm dry weight) 238 2094 10592 6063
Medium sized p lan ts .
T a b le  7.11
193.
The ra te  o f  replacement o f  Cl by H^ O gets slower as the number o f
2+chlor ide l igands decreases, thus the conversion of  [RuCICH^O)^] has a
ha l f  reaction t ime of  about a year (Cotton and Wilk inson,  1972).
At the end o f  the experiment,  to x ic  e f fe c ts  were evident a t  the
lO.Oppm level on ly .  These Included some chlorosis  and blackened, stunted
roots, due to  p r e c i p i t a t i o n ,  possibly o f  some ruthenium hydroxy species
in the outer  f ree  spaces of  the roots (P la te  7 . 1 3 ) .  A s l ig h t  drop o f f  in
y ie ld  and % water was recorded a t  th is  l e v e l .
The e f fe c ts  of  ruthenium applied as the more s tab le  c a t io n ic
complex [ R u ( p h e n ) I 2 were more marked. A drop o f f  in y ie ld  was recorded
between the 0 .5  and 2.5ppm le v e ls ,  and an increasing yel low-orange
colourat ion was observed in the roots as the concentrat ion of  the complex
applied was increased. This was due to the intense yellow orange colour
of  the complex in aqueous so lu t io n .  At the lO.Oppm l e v e l ,  the leaves
were dr ied and cur led;  the f lo a ts  had necro t ic  patches, the roots were
stunted and highly coloured (P la te  7 . 1 4 ) .
Results o f  INAA Ind ica te  tha t  substant ia l  amounts of  ruthenium are
accumulated from so lu t ion  by the water hyacinth. Most o f  the ruthenium
is deposited in the roots,  probably as some chlorohydroxy species in the 
2 -case of  [RuCl^] ; some ruthenium is transported to the p lant  tops. The 
best to ta l  recovery values were obtained fo r  the 0 . 5 “2.5ppm leve ls  of  
applied rutheni um.
7 . 2.4  The uptake o f  rhodium, i r id ium  and osmium by the water hyacinth  
Experimental
Using the techniques es tab l ished ,  water hyacinths were grown in 
hal f  strength n u t r ie n t  so lu t ions ,  to which chloro complexes o f  the other  
platinum metals had been added:
194.
7 Na^CRhCl^] Rh^ "*" anionic  complex, octahedral
3+
11 Na^[ ! rC l^ ]  I r  an ionic  complex, octahedral
4+12 Na^COsCl^] Os anionic  complex, octahedral
The plants were harvested, dr ied and prepared fo r  analysis  as before.  
Rhodium determinations were c a r r ie d  out by atomic absorption techniques,  
using a n i trous oxide acetylene f lame fo r  high levels  (Table 7 .3 )  and 
ETA AAS fo r  the low leve ls  (chapter 4 ) .  I r id ium samples were wet ashed 
in concentrated n i t r i c  ac id ,  but owing to the poor s e n s i t i v i t y  and 
detection l im i ts  o f  i r id ium  in atomic absorption,  representa t ive  samples 
of the digests were spiked on f i l t e r  papers; these were ac t iv a te d  along 
with i r id ium  chemical standards and i r id ium  content determined by INAA. 
Osmium determinations were ca r r ied  out by INAA o f  the dr ied and homogenised 
plant m a te r ia l .  The resu l ts  are presented in Tables 7 .12 ,  7.13 and 7.14  
respect ive ly .
Results and Discussion
The e f fe c ts  o f  rhodium applied as Na^CRhCl^] on the water hyacinth  
was one o f  growth enhancement ra ther  than t o x i c i t y  (P la te  7 . 1 5 ) .  The 
applied rhodium concentration range was extended to include 20ppm and 
30ppm ap p l ic a t io n s .  The tonic e f f e c t  o f  rhodium is the subject of  
fur ther  d e ta i le d  inves t iga t ions  elsewhere (chapter 8 ) .  The leve ls  of  
rhodium accumulation are much less than fo r  other platinum metals .  The 
rhodium appears to be d is t r ib u te d  evenly between roots and tops and th is  
may be part  o f  the mechanism by which the p lant  can t o le r a te  such high 
external concentrations with  l i t t l e  tox ic  e f fe c ts  in evidence. Some mild 
chlorosis was evident  at  the very highest level (30ppm Rh).
A s l ig h t  drop o f f  in y ie ld  was recorded fo r  i r id ium  t rea ted  p lan ts ,  
between the 0 .5  and 2.5ppm le v e ls .  Toxic e f fe c ts  included the absence o f
1 9 5 .
Plate 7.15 
The uptake of 
rhodÎ um applied as 
Na^[RhCl^]
P l a t e  7 . 1 6
The  u p t a k e  o f  i r i d i u m  
a p p l i e d  as  
Na^ClrCI^]
Plate 7.17
The uptake of 
osmi um applIed as
N a^ C O sC l
1 9 6 .
Y ie ld s  and a n a l y s i s  o f Eiehhovn'ta orass'Cpes t r e a t e d  w i t h  Na^ [RhCi ^ ]
Plant tops* A7 B7 C7 D7 E7 F7
Applied Rh (ppm) 0 .05 0 .5 2 .5 10.0 20 .0 30.0
Wet weight (g) 24.65 16.75 24.44 39.31 23.71 26.45
Dry weight (g) 1.42 0.94 1.61 2.66 2.03 2.12
Weight o f  water (g) 23.23 15.81 22.83 36.65 21.68 24.33
Water present {%) 94.2 94.4 93.4 93.2 91 .4 92.0
Total Rh (yg) 0 .3 15 76 800 975 1250
Rh (ppm dry weight) 0 .2 16 47 301 481 590
Plant  roots* A7 87 C7 D7 E7 F7
Applied Rh (ppm) 0.05 0.5 2 .5 10.0 20.0 30 .0
Wet weight (g) 4.05 3.99 4.82 3.69 1.41 2 .46
Dry weight (g) 0 .40 0.38 0 .47 0.38 0.19 0.26
Weight o f  water (g) 3.65 3.60 4 .35 3.31 1.22 2.20
Water present (%) 90.1 90.2 90.2 89 .7 .8 6 .5 89.4
Total Rh (yg) 1.0 10 50 125 75 176
Rh (ppm dry weight) 2 .5 26 107 326 4o4 814
Medium s i z e d  p l a n t s
T a b le  7 .12
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Y i e l d and a n a l y s i s  o f  E'tohhornia  orass'Cpes t r e a t e d  w i t h  Na^ Ç l r C I ^ ]
Plant  tops* A l l B11 C11 Dll
Applied 1r (ppm) 0.05 0 .5 2 .5 10.0
Wet weight (g) 26.10 23.50 19.09 18.63
Dry weight (g) 1.84 2.07 2 .04 2.03
Weight o f  water (g) 24.26 21.43 17.05 16.60
Water present (%) 93.0 91 .2 89.3 89.1
Total I r  (yg) 2.5 6 .9 51 177
1r (ppm dry weight) 1.33 3.32 25 87
Plant  roots* A l l B11 C11 Dll
Applied I r  (ppm) 0.05 0 .5 2 .5 10.0
Wet weight (g) 4.44 3.19 2.42 2.28
Dry weight (g) 0.38 0.40 0.37 0.26
Weight o f  water (g) 4.06 2 .79 2.05 2 .02
Water present {%) 91.4 87.5 84 .7 88 .6
Total  I r  (yg) 1.2 6 14 30
1r (ppm dry weight) 3.06 15 37 114
Medium s i z e d  p l a n t s
T a b le  7 .13
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Y i e l d s  and a n a l y s i s  o f  E iehhoim ia  evassipes  t r e a t e d  w i t h  Na^CQsCI ^ ]
Plant  tops* . A12 .812 . C12 012
Applied Os (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 10.71 9 .59 13.10 12.79
Dry weight (g) 0.85 0.79 1.04 0 .89
Weight o f  water (g) 9.86 8.80 12.06 11.90
Water present {%) 92.1 91.8 92.1 93.0
Total Os (yg) 10.6 73 581 2021
Os (ppm dry weight) 12.5 92 559 2271
Plant  roots* A12 B12 C12
------------------
D12
Applied Os (ppm) 0.05 0.5 2 .5 10.0
Wet weight (g) 1.44 1.27 1.60 1.25
Dry weight (g) 0.16 0.11 0.17 0.13
Weight o f  water (g) 1.28 1.16 1.43 1.12
Water present (%) 88 .9 91.3 89.4 89.6
Total Os (yg) 48 457 1379 1896
Os (ppm dry weight) 302 4154 8111 14588
Small  s i z e d  p l a n t s
T a b le  7 .1 4
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A comparîson o f  control  water hyacinths in uptake experiments
plant  tops
.Medium sized  
plants (10)
Wet wet /g Dry wt/g Weight o f  H^ O % water
Mean: 27.65 1.80 25.85 93.4
SO: 5.48 0.47 5.30 1.7
RSD 19.8 26.02 20.5 1.79
Small sized  
plants (7)
Mean : 10.65 0.71 9.95 93.6
SO: 2.22 0.35 1.89 1.5
RSD: 20.8 48.8 19.0 1.62
•
Plant  roots
Medium sized  
plants (10)
Wet wt/g Dry wt/g Weight o f  H2O % water
Mean: 8 .17 0.50 7.68 93.5
SD: 3.86 0.28 3.63 2 .2
RSD: 47.2 55.6 47 .3 2.38
Small sized  
plants (7)
Mean: 1.74 0.10 1.64 93 .5
SD: 0.62 0.03 0.60 2.1
RSD 35.4 27 .9 3 6 .8 2.25
Table 7.15
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vegeta tive daughter p lan ts ,  w h i ls t  young roots were stunted and blackened 
(Plate 7 -1 6 ) .  S im i l a r l y ,  few e f fe c ts  were evident w ith  osmium treated  
plants, but a t  the lO.Oppm l e v e l ,  growth was r e s t r ic te d  (P la te  7 . 1 7 ) .
Like rhodium r e l a t i v e l y  l i t t l e  i r id ium  was accumulated by water hyacinths,  
the best recovery value being 1.9%. Some ir id ium  was deposited In the 
roots and smal ler amounts detected in the p lant  tops. Rather more osmium 
than i r id ium  was recovered from so lu t ion  by water hyacinth;  again,  
substantial  amounts were deposited in the roots,  with  some osmium f ind ing  
i ts way in to  the tops.
7.3 L im ita t ions of  uptake experiments
The aims o f  these uptake experiments ( 5 - l 4 i n c l . )  have been out l ined  
already. Such experiments s u f fe r  from the l im i ta t io n s  imposed by the 
prel iminary nature o f  the in ve s t ig a t io n .  Each ind iv idual  experiment was 
carried out in order to  id e n t i f y  the level o f  applied metal (ppm) a t  which 
the metal became to x ic .  The extent  o f  metal t o x i c i t y  was judged in a 
q u a l i ta t i v e  way from the observed damage to p lant  roots and leaves. This 
enabled a r e l a t i v e  order o f  t o x i c i t y  to be establ ished fo r  the platinum  
metals. At the lOppm (mg dm ^) level the increasing order  o f  t o x i c i t y  
was found to be:
Pt%+ % pj2+  ^ 0^ 4+  ^  ^ |r3+ > Rh3+
t o x i c i t y  decreases.
Another l im i t a t i o n  o f  these uptake experiments has been the wide 
variations in wet weight ,  dry weight and water content.  Throughout the  
experiments some ten medium sized control p lants and seven small sized  
control plants were monitored. The wet weights, dry weights and water  
contents were ca lcu la ted  fo r  a l l  o f  them; average values were found and
2 0 2 .
are presented In Table 7 .15 .  The resu l ts  Ind icate  large v a r ia t io n s  In 
wet weights and dry weights w i th in  each group, though good agreement was 
found fo r  the % water present .
However, the resu l ts  presented fo r  the uptake experiments ( 5 - l 4 )  
can be c r i t i c i s e d  on these grounds. Id e a l ly ,  such experiments should be 
conducted w ith  a large number o f  p lants wherever possib le .  The resul ts  
presented are s t i l l  v a l id  but only as a guide to
( I )  t h e  e x t e n t  t o  w h i c h  t h e  w a t e r  h y a c i n t h  c a n  r e c o v e r  s o l u b l e  f o r m s  o f
t h e  p l a t i n u m  m e t a l s  
( i l )  t h e  r e l a t i v e  t o x i c i t y  o f  t h e  p l a t i n u m  m e t a l s  
( I I I )  t h e  b i o l o g i c a l  e f f e c t s  o f  t h e  p l a t i n u m  m e t a l s .
From the resul ts  o f  these experiments, various complexes were 
selected fo r  fu r th e r  d e ta i le d  study. Both the ant I tumour drug, 
cIs[Pt (NHg)2C l2 ] ,  and the non-toxic  rhodium complex, Na^[RhCl^l were 
Invest igated a t  one p a r t i c u la r  concentrat ion,  0 .5  and 10.0 ppm respect ive ly ,  
with a number o f  water hyacinths In an attempt to q u a n t i fy  the e f fe c ts  
reported in th is  chapter.  These Invest iga t ions  are the subject o f  the 
next chapter.
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CHAPTER VI I I
AN INVESTIGATION OF THE TOXIC AND TONIC EFFECTS 
OF PLATINUM AND RHODIUM ON EICHEORNIA CRASSIFES (WATER HYACINTH)
8.1 In troduct ion
From the studies o f  plat inum metal uptake by water hyacinths,
reported in chapter 7, i t  became apparent tha t  the e f fe c ts  of  platinum
and rhodium needed f u r th e r  in v e s t ig a t io n .  The a b i l i t y  o f  the p lan t  to
4+ 2+dist inguish between Pt and Pt was accompanied by v i s i b l e  to x ic  
symptoms to both roots and leaves. Rhodium, in contrast  was the least  
toxic o f  the metals and appeared to e x h ib i t  a tonic  e f f e c t .  This e f f e c t  
has been observed elsewhere with  rhodium (Mul len,  I 98O).
In th is  chapter,  the e f fe c ts  o f  platinum group metal complexes on 
the roots o f  water  hyacinth are reported.  Measurements o f  platinum and 
rhodium to le rance were c a r r ie d  out using a technique based on those used 
to measure copper and lead to lerance in p lan ts .  (W i lk ins ,  1957) (Jowett,  
1964) (McNei l ly  and Bradshaw, 1968).  The index o f  to le rance given here 
was ca lcu la ted  from the fo l low ing  re la t io n s h ip .
Mean increase in length o f  the p lan ts '  longest
, root when t rea ted  with  platinum metal
X o erance "Piean increase in length of  the control  pi ant ' s
longest roots
The uptake and e f f e c t  of  the ant i  tumour drug c is  diamminedich1oro-  
platinum I I  was invest igated  f u r th e r  too. Sequential  e x t ra c t io n  
techniques, described in chapter 3 were applied to the dr ied p lant  
material in order to  determine the chemical binding o f  the plat inum. The 
effect  o f  the platinum drug on the amino acid composition o f  water  
hyacinth are reported here but the locat ion and examination o f  platinum
206.
using a n a ly t ic a l  e lec t ron  microscopy is reported in chapter 9-
The d i s t r i b u t i o n ,  morphology and inorganic composition of  water  
hyacinth have been reviewed in chapter 7 .1 .  Several inves t iga tors  have 
examined the t race  metal content o f  these plants in r e la t io n  to t h e i r  
environment (Boyde and V ickers ,  1971) (Wolverton and McDonald, 1976) 
(Sheehan and Johnson, 1977) (Cooley et  a l . ,  1979).  Some of  t h e i r  
f indings are presented in Table 8.1 fo r  comparison with  resul ts  obtained  
with control plants In th is  study.
8.2 Experi mental
8.2.1 An inves t ig a t io n  o f  the tox ic  e f f e c t  of  platinum and ton ic  e f f e c t  
of  rhodium on the water hyacinth
a) The uptake o f  rhodium by the water hyacinth
Water hyacinths were grown in h a l f -s t r e n g th  n u t r ie n t  solut ions  
containing rhodium applied as Na^[RhCl^] a t  a concentration o f  10.0 ppm 
(mg dm ^ ) . Seven days p r io r  to the ap p l ic a t io n  of  rhodium, experimental  
plants were selected fo r  un i fo rm i ty  o f  s iz e  and growth by separat ing them 
from the mother plants as described in chapter 7 .2 .  The p lants were 
set t led in h a l f - s t r e n g t h  n u t r ie n t  so lu t ion  fo r  one week, a f t e r  which they 
were t rans fe r red  to 2dm  ^ p l a s t i c  containers f i l l e d  with h a l f -s t r e n g th  
nutr ient  so lu t ion  and rhodium a t  lO.Oppm. Four p lants ( D / l 6 / i - i v )  were 
grown with  rhodium and four were grown as controls  ( C o n t r o l / S / i - i v ) . The 
plant wet weights and root lengths were recorded a t  the beginning and end 
of the experiment; resu l ts  are given in Table 8 .2  and 8 .3 .
The experiments were ca r r ie d  out in a Prestcold environmental growth 
room (chapter 3 . 1 ) ,  w i th  lO^ft  candles o f  i l l u m in a t io n .  The condit ions  
were set to a l4hr  day with temperatures of 25 ±1°C(day) and 20 ±1°C 
(night);  r e l a t i v e  humidity was 70-75%. Solutions were aerated by
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CONTROL
Pi a t e  8 . 1  T h e  u p t a k e  o f  r h o d i u m  a p p l i e d  as  N a ^ C R h C l ^ ] ;  b e f o r e  
r h o d i u m  a p p l i c a t i o n
P l a t e  8 . 2  T h e  u p t a k e  o f  r h o d i u m  a p p l i e d  a s  N a ^ C R h C l ^ ] ;  a f t e r  14 d a y s  
g r o w t h .
209
P ] a t e  8 . 3  T h e  u p t a k e  o f  r h o d i u m  a p p l i e d  as  N a ^ C R h C l ^ ] ;  a f t e r  14  d a y s  
g r o w t h
I
P l a t e  8 . 4  T h e  e f f e c t  o f  r h o d i u m ,  a p p l i e d  as  N a ^ C R h C l ^ ] ,  on  t h e  r o o t s  o f  
w a t e r  h y a c i n t h  { E i . c k l w v r d a  a v a s s 'C 'p e s )  r i g h t  h a n d  p l a n t s :  
r h o d i u m  t r e a t e d ;  l e f t  h a n d  p l a n t s :  c o n t r o l s .
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supplying compressed a i r  v ia  p l a s t i c  tubing to s in tered  glass f i l t e r
s t ic k s ,  suspended in the conta iners .
Throughout the experiments, the containers were topped up re g u la r ly  
with deionised water .  Samples o f  each solut ion  were analysed fo r  rhodium 
content regu la r ly  to  monitor the uptake. These resu l ts  are presented in 
Table 8 .4 .  The n u t r ie n ts  and applied rhodium were renewed a f t e r  one week; 
a f t e r  two weeks, the experiment was stopped and the plants washed and 
harvested. Plates 8.1 and 8 .2  depic t  the s ta te  of  growth before and a f t e r  
rhodium treatment.  Plates 8 .3  and 8 .4  show more d e ta i le d  e f fe c ts  of  
rhodium treatment.  The plants  were separated In to  leaves, f lo a ts  and 
roots; some mater ia l  was removed fo r  h i stochemical examination ( L M ,  S E N ,  
TEM). The p lan t  mater ia l  was oven dr ied at  4o°C fo r  24hrs and homogenised 
using a bal l  m i l l  (Glen Creston).  Rhodium content was determined by I N A A  
and I CP techniques. The l a t t e r  was used to determine several other  
elements too,  and the resu l ts  are presented in Table 8 .5 .
b) T h e  u p t a k e  o f  p l a t i n u m  a p p l i e d  a s  c i s  [ P t ( N H , ) ^ C l o ]  b y  w a t e r
h y a c i n t h s
The uptake, by water hyacinths,  o f  plat inum applied as the a n t i -  
tumour complex, cis [Pt(NH^)2Cl23 was inves t iga ted .  Platinum was applied
at a concentration o f  0 .5  ppm (mg dm ^ ) , since th is  appeared to be the
threshold o f  severe t o x i c i t y .  The experimental procedure fol lowed that  
described previously  fo r  the rhodium study. Four plants were t rea ted  
with the complex and grown f o r  two weeks under c o n t ro l le d  condit ions .  The 
changes in biomass and root lengths are reported in Tables 8 .2  and 8 .3  
respect ively,  alongside those measurements from control p lants and rhodium 
treated p lan ts .  The change in the platinum content o f  the n u t r ie n t  
solutions was monitored fo r  the f i r s t  week o f  the experiment (Table 8 .6)
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CONTROLD ' S p P M  A S
S I S - [ P t ( N H . \ C l J
P l a t e  8 . 5  T h e  u p t a k e  o f  p l a t i n u m  a p p l i e d  as  c i s  [ P t ( N H ^ ) ^ C l ^ ] ; 
b e f o r e  p l a t i n u m  a p p l i c a t i o n
P l a t e  8 . 6  T h e  u p t a k e  o f  p l a t i n u m  a p p l i e d  as  c i s  [ P t ( N H ^ ) ^ C l ; 
a f t e r  14 d a y s  g r o w t h
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Plate 8.7 The e f fect  of platinum, applied as cis C P t ( N H ^ ) 1 ,  
on the water hyacinth {Eichhorni.a orasszpes)
P l a t e  8.8 The e f f e c t  o f  p l a t i n u m  on l e a v e s  o f  w a t e r  h y a c i n t h  s h o w i n g  
a p p e a r a n c e  o f  r e d d i s h - b r o w n  d i s c o l o u r a t i o n
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Changes in the biomass of  water hyacinths t rea ted  the rhodium and platinum
Plant  d e t a i ls Wet w t ( s t a r t ) / g
Wet
w t ( f i n i s h ) / g
Wet weight  
inc re a s e /g
No. o f  daughter 
plants  produced
Uptake o f  rhodium, 
applied as 
Na^LRhClg]
D / l 6 / ( i ) 15.83 47.44 31.61 3
" ( i i ) 12.24 37.60 25.36 3
" ( I I I ) 14.06 42.42 28.36 3
" ( iv ) 11.30 35.62 24.32 3
mean : 13.36 40.77 27.41
SD: 2.01 5.28 3.28
RSD: 15.03 12.96 11.97
Uptake o f  platinum  
applied as 
c is C P t (N H , ) ,C U ]
B / 1 5 / ( i ) 10.61 32.18 21.57 3
" ( i i ) 14.56 37.97 23.41 2
" ( i i i ) 13.36 37.02 23.67 2
" ( i v ) 11.75 31.58 19.83 2
mean : 12.75 34.69 22.12
SD: 1.74 3.28 1.79
RSD: 13.85 9.45 8.09
Control plants/S/( i ) 14.71 38.02 23.31 3
( i i ) 13.52 37.74 24.22 3
" ( i i i ) 13.64 42.73 29.09 3
" ( iv ) 10.98 37.13 26.15 3
mean : 13.21 38.91 25.70
SD: 1.58 2.58 2.56
RSD: 11.97 6.62 9.95
T a b le  8 .2
214.
The e f fe c ts  o f  platinum and rhodium on water hyacingth roots
Plant d e t a i l s Longest root  . (start ) /mm .
Longest root  
(finish)Zmm
Increase in 
root length/mm
Uptake o f  rhodium applied  
as NaJlRhCl^]
D / l 6 / ( i ) 85 154 69
" ( i i ) 50 162 112
" ( i i i ) 96 150 54
" ( iv ) 125 152 27
mean : 89 155 66
SD: 31 5 35
RSD: 34.8 3.4 54.3
Uptake o f  platinum applied  
as ci sC Pt (NH^)oC1o3
B / 1 5 / ( i ) 113 148 35
" ( i i ) 100 115 15
" ( i i i ) ^ 76 76 0
" ( iv ) 64 96 32
mean : 92 120 27
SD: 25 26 11
RSD: 27.5 22 .0 39.5
Control p l a n t s / S / ( i ) 64 113 49
( i i ) 84 150 66
( i i i ) 75 190 115
" ( i v ) 100 145 45
mean : 81 150 69
SD: 15 32 32
RSD; 18.8 21.1 46.8
this set o f  resu l ts  not used in s t a t i s t i c a l
T a b le  8 .3
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The uptake o f  platinum by water hyacinth over à one week period  
Platinum (mg dm applied as c is [P t (N H ^ )2Cl2  ^ a t  O.Sppm (mg dm ^^Pt
Nutr ien t  solut ions  
containing platinum Day 0 Day 1 Day 2 Day 3
B / 1 5 / ( i ) 0.76 0.69 0.68 0 . 61
0.78 0.640.660.79
0.64 0.640.690 .59
0.660 .79 0.72 0 .59
0 .67 0.620.700.75Mean
0.080.07 0.02 0.03
2.2RSD
Day 4 Day 6 Day 7
B / 1 5 / ( i ) 0.580.52 0.55
0.64 0.580.61
0.62 0.60 0.57
0.60 0.560.57
0.60 0.57Mean 0.59
0.010.05 0.01
RSD
T a b le  8 .6
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1 . 0
0.8
0.6
0.4
0.2
4 62 3 70 5
Days growth with platinum  
Figure 8 .1 (a )  The uptake of  platinum applied as c is  [Pt(NH^)^Cl2 ],  from
n u t r ie n t  so lu t ion .
14.0
12.0
c
0
3
0lA
CLa
E3
2nd week1st week
to ta l  Rh 'uptake*: 12mg 
to ta l  Rh found: 0.895mg
0 1 2 3 4 5 6 7 8 9 10 1 1 12 13 14
Days growth with rhodium 
figure 8 .1 (b )  The uptake o f  rhodium, applied as Na^fRhCl^]
2 1 9 .
a f t e r  which the nu t r ie n ts  and applied platinum were renewed.
A f t e r  two weeks growth, the plants were harvested,  washed and 
separated in to  roots,  f lo a ts  and leaves. Plates 8 .5  and 8 .6  show the 
plants before and a f t e r  treatment w ith  platinum. The e f fe c ts  of  
platinum on the leaves are shown in Plates 8 .7  and 8 .8 .  Specimens of  
root and le a f  were selected fo r  examination by LM, SEM and TEM. These 
invest igat ions are reported in chapter IX.  The remainder o f  the p lan t  
materia l  was dr ied at  4o°C fo r  24 hrs and homogenised, ready fo r  
invest igat ions involving sequential  e x t ra c t io n  and amino acid analyses  
( 8 .2 .3  and 8 . 2 . 4 ) .
8 .2 .2  The uptake by water  hyacinths of  platinum applied in various forms
The e f fe c ts  and uptake o f  d i f f e r e n t  soluble  platinum complexes w ith  
water hyacinths were compared. Hydroponic growth experiments were 
conducted using the same procedures out l ined  previously  in 8 . 2 . 1 .
Platinum in various complex forms was administered to water hyacinth a t  
a concentration o f  O.Sppm (mg dm ^ ) . Four plants were selected f o r  each 
experiment; two small or "normal" sized p lan ts ,  and two medium or  
"stunted" plants in accordance with  the s ize  biotypes defined by Cooley 
e t a l ,  (1979).  The forms o f  platinum applied are given in Table 8 .7 .
Expt No Platinum applled as Pt^^ complex stereochemistry
2+19 K^CPtCl^] Pt anionic complex, square
pianar
4+
20 P t I V C U  Pt probably octahedral In
aqueous solut ion  [P tC l^ (H 20) 2] °
21 CPt(NH^) 2^ ]CI2 Pt^^ c a t io n ic  complex, square planar
Table 8 .7  The uptake o f  platinum by water hyacinth
A f t e r  two weeks' growth, the plants were harvested, washed and
220.
Plate 8.9 
The uptake of  
platinum applied 
as K^CPtCl^]
P L A T I N U M  A S
K 2
T A T N U M  A S
Plate 8.10 P b ^ C I
The uptake of 
platinum applied 
as Pt( lV)Cl^
F T A T I K J U M  A S
Plate 8.11
The uptake of 
platinum applled 
as CPt(NHj)^]Cl2
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Changés in the biomass of  water hyacinths t rea ted  with  
various complexes of platinum
Experimental d e t a i ls Wet wt ( s t a r t ) / g
Wet
w t ( f i  n ish ) /g
Wet weight  
i ncrease/g
r a t i o  of  
f in a l  wt
s t a r t  wt
Uptake o f  platinum applied  
as K^CPtCl^]
B / 1 9 / ( i )  medium 6.28 15.19 8.91 2.42
" ( i i )  smal1 2 .32 6.26 3.94 2.70
" ( i i i )  medium 5.46 13.87 8.41 2.54
" ( i v )  small 1.68 3.64 1.96
Mean
SD
RSD
2 .17
2.46
0.22
9.1
Uptake o f  platinum applied  
as P t ( IV )C l^
B / 2 0 / ( i )  medium 7.24 20.38 13.14 2.80
" ( i i )  small 3.14 5.55 2.41 1.77
" ( i i i )  medium 4.00 14.35 10.35 3.59
" ( iv )  small 0.83 2.88 2.05
Mean
SD
RSD
3.47
2.91
0.83
28.7
Uptake o f  platinum applied  
as lP t (N H ^ )^ ]C l2
B/21/  ( i ) medium 9.47 26.54 17.07 2 .80
" ( i i )  small 4.25 10.36 6.11 2.44
" ( i i i )  med i urn 5.96 19.69 13.73 3.30
" ( iv )  small 1.25 2.78 1.53
Mean
SD
RSD
2.22
2 .69
0 .47
17.5
Control p lants grown in 
h a l f -s t re n g th  n u t r ie n t  
solut ion
C o n t r o l / 2 2 / ( Î ) medium 8.33 23.36 15.03 2.80
" ( i i )  small 2.86 7.34 4.48 2.57
" ( i i i )  medium 3.77 12.82 9 .05 3.40
" ( iv )  small 1.97 6.67 4.70
Mean
SD
RSD
3.39
3.04
0.42
13.8
Table 8 .8
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The uptake by water hyacinths o f  platinum applied in various complexed forms
Experimental d e t a i l s Vet wt/g Dry wt/g Wt o f  H^O/g % H2O Ptyg  g ^ Ptyg  (dw)
platinum applied as 
K2[ PtCl 2^] a t  O.Smgdm ^
B/19/1 eaves 8.84 0.87 7.97 90.2 62 54
B / 19/ f l o a t s 16.00 0.66 15.34 95 .9 112 74
B/19 / roots 9.55 0 .39 9.16 95.9 1694 661
Total Pt yg 789
% recovered 19.7
Platinum applied as 
Pt( lV )C l^  a t  O.Smgdm ^
B/20/ leaves 10.15 1.02 9.13 90.0 100 102
B /2 0 / f lo a ts 21.75 0.83 20.92 96 .2 175 145
B/20 /roots 8.51 0 .39 8.12 95.4 1588 619
Total  Pt yg 866
% recovered 21.7
Platinum applied as
[ Pt(NH^)2^ X l2 a t  0 . 5mgdm ^
B /21 / I  eaves 12.28 1 .21 11.07 90.1 102 123
B /2 1 / f lo a ts 29.57 1.14 28.43 96 .2 123 140
B/21/ roots 12.59 0.50 12.09 96 .0 242 121
Total Pt yg 384
% recovered 9 .6
Control p lants grown 
in h a l f -s t re n g th  n u t r ie n t
solution Contro l /22 / leaves 12.11 1.24 10.87 89.8 nd nd
C o n t r o l / 2 2 / f lo a t s 27.35 1.01 26.34 96.3 nd nd
C o ntro l /22 / ro o ts 8.64 0.42 . 8 .22 95.1 . nd nd
Table 8.10
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weighed. The biomass and root measurements are presented in Tables 8 .8  
and 8 .9  re s p e c t iv e ly .  Plates 8 . 9 , 8 .10  and 8.11 show the v i s i b l e  e f fe c ts  
of platinum on water hyacinth . The plants were div ided in to  roots,  f lo a ts  
and leaves, dr ied and homogenised to provide representa t ive  samples o f  the 
major p lan t  parts from each experiment.  The bulked and homogenised leaves,  
f lo a ts  and roots were analysed fo r  platinum by wet ashing and ETA AAS. 
Results are given in Table 8 .10 .
8 . 2.3  Sequential  e x t rac t io n  o f  water hyacinths containing platinum
applied as c i s [ P t ( NHU ^CT^]
Introduction
T h e  b a c k g r o u n d  t o  t h i s  t e c h n i q u e  a nd  t h e  p a r t i c u l a r  e x t r a c t i o n  
scheme e m p l o y e d  has  been r e v i e w e d  i n  c h a p t e r  3 .  T h e  e x t r a c t i o n  was  
c a r r i e d  o u t  on s e p a r a t e l y  d r i e d  a n d  h o m o g e n i s e d  s a m p l e s  o f  t h e  l e a v e s ,  
f l o a t s  an d  r o o t s  o f  w a t e r  h y a c i n t h s  t r e a t e d  w i t h  p l a t i n u m  a p p l i e d  as  t h e  
a n t i  t u m o u r  c o m p l e x  c i s  C P t ( N H ^ ) 2 C I 2 ]  •
In chapter  7 . 2 . 1 ,  the uptake o f  plat inum, applied as c is [P t (N H ^ )2Cl2 ] j  
by the water hyacinth , was invest igated a t  a range o f  concentrat ions.  At 
high l e v e ls ,  t h is  form o f  platinum was highly tox ic  but a t  low le v e ls ,  
though the p la n t  leaves developed brown streaks ,  the ra te  of  veg e ta t ive  
reproduction appeared enhanced (Plates 8 .7 and 8 . 8 ) .  This e f f e c t  was 
invest igated f u r th e r  in 8 . 2 . 1 (b) where the root lengths and veg eta t ive  
reproduction were measured. The p lant  mater ia l  from th is  inves t ig a t io n  
was used in the e x t ra c t io n  study to give some idea o f  how the platinum  
was bound. A r e p l ic a te  analysis  could not be performed because o f  the 
small amount of  dr ied  p lan t  mater ia l  a v a i l a b l e ,  and given the detect ion  
l im it  fo r  platinum by ETA AAS, i t  was not c e r ta in  tha t  the r e l a t i v e  
dis t r ibu t ion  o f  platinum between the various f ra c t io n s  could be determined.
The method o f  sequential  ex t rac t io n  decided upon fol lowed that
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reported by Farago e t  a l .  ( I 980) and Mullen ( l 9 8 o )  fo r  the i d e n t i f i c a t i o n  
of the form o f  copper w i th in  t o le ra n t  A rm e ria  m ar'it'im a . The e x t ra c t io n  
sequence is shown in f ig u re  8 . 2 .
Method
Dried samples o f  leaves ( 2 . 3924g),  f lo a ts  (2.8053g) and roots 
(1.4400g) from platinum t rea ted  water hyacinths had each been homogenised 
in an agate bal l  m i l l  (Glen Creston) prev ious ly .  Each sample was weighed 
into a soxhlet thimble and placed in a soxhlet e x t rac t io n  apparatus 
mounted on a 500ml round-bottomed f la s k  conta ining 150ml o f  80% ethanol
solut ion .  The ethanol ex t ra c t io n  was repeated and the ex t ra c ts  pooled.
The residue.  A, was oven dr ied a t  4o°C.
The 80% ethanol e x t r a c t ,  P, was taken to dryness by rotary
evaporation a t  40^C followed by f reeze  drying to remove water.  The dr ied  
extract  was redissolved in 300ml water  and t ra n s fe r red  to a separat ing  
f lask with 125ml o f  e th e r .  The aqueous e x t r a c t  P was extracted with  
ether  and the e ther  e x t r a c t  R ro tary  evaporated: the residue was wet
ashed and the d igest  analysed fo r  platinum by ETA AAS.
The remaining water  e x t r a c t ,  Q, was shaken with 30ml o f  Analar  
pentan- l -o l  and 75ml o f  Analar tr ichloromethane fo r  15 minutes. The 
lower white  t r ichloromethane-pentanol g e l ,  S, was run o f f ,  ro tary  
evaporated and analysed fo r  platinum content.  The remaining aqueous 
layer,  T, was ro tary  evaporated to remove t races of  organic solvents and 
an equal volume o f  Analar acetone added to form a p r e c i p i t a t e ,  U. The 
mixture was centr i fuged  and the supernatant l iq u o r ,  V, decanted. Extracts  
U and V were dried and analysed fo r  platinum.
The residue.  A, remaining from the ethanol e x t rac t io n  was dr ied  and 
reweighed in the soxhlet  th imble.  This residue was extracted  w ith  100ml 
of water fo r  10 minutes in the soxhlet apparatus as before. The water
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e x t r a c t ,  C, was f re e z e -d r ie d  and redissolyed in 50m1 of  water and the 
t r ichloromethane-pentanol  and acetone treatments were carr ied  out as 
before to give samples D, E, G and F.
The residue,  B, remaining a f t e r  water e x t r a c t io n ,  was dr ied  to  
constant weight ,  and shaken w ith  Ig o f  the p r o t e o l y t i c  preparat ion  
pronase, together  with lOmg o f  chloroamphenicol and 200ml o f  phosphate 
buffer (O.OIM, pH7.4 ),  fo r  4o hours in a 500ml conical f l a s k .  The 
residue was f i l t e r e d  o f f  and the pronase treatment repeated. The pooled 
ex t rac ts ,  H, were f reeze  dr ied and analysed fo r  plat inum. The residue,  J,  
from the pronase e x t r a c t io n ,  was washed, dr ied  to constant weight and 
divided accura te ly  into  two p ar ts ,  each of  which were ex trac ted  in 
d i f f e r e n t  ways.
The f i r s t  residue,  J ' , was shaken w i th  100ml o f  a 2% ammonium 
oxalate  so lu t ion  fo r  2 hours. A f t e r  c e n t r i fu g a t io n  the e x t r a c t ,  M, was 
decanted o f f  c a r e f u l l y ,  dr ied and analysed fo r  plat inum. The residue,  N, 
was t rea ted  s i m i l a r l y  with 100ml of  0.05M hydrochlor ic  acid to give  
extract  X and residue Y, which were both analysed fo r  plat inum.
The second residue,  J",  was ex trac ted  success ively w ith  O.IM NaOH, 
0.44m NaOH (lOOml, 2hrs) to give samples L and W. The residue,  V ,  was 
extracted f u r th e r  by b o i l in g  w ith  100ml o f  1.5M KOH to give sample Z ' . 
These e x t rac ts  and the f in a l  residue Z were wet ashed and analysed fo r  
platinum too. The resu l ts  of  these sequent ial  e x t ra c t io n  studies are  
given in Tables 8.12 to 8 . l 4 .
8.2.4 Amino acid analys is  o f  water hyacinths t rea ted  with  platinum
applied as cisCPtCNH^ÏoCTo^
I n t r o d u c t i o n
The b io lo g ica l  e f f e c t  o f  platinum on the water hyacinth {E ïo h h o m ia  
crass ipes) reported in 8 . 2 . 1 ( b )  prompted f u r th e r  in ves t ig a t io n  o f  the
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Sequential  ex t ra c t io n  o f  dried water  hyacinths  
t rea ted  w ith  platinum
Plant  mater ia l
Percentage mater ia l  removed by Percentage mater ia l  
remaining p r i o r  to  
pronase e x t r a c t80% aq. ethanol water e x t ra c t
Leaves 27 .3 10.4 62 .3
Floats 31.7 10.9 57.4
Roots 30.2 11.3 58 .6
Table 8 . l 4
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plant  t issues .  A complete amino acid analys is  o f  l e a f  and root ex t rac ts  
from platinum trea ted  and control p lants was undertaken. The LKB 4101 
amino acid analyser [LKB Biochrom Ltd) operates on the p r i n c ip le  o f  
l iq u id  chromatography and subsequent detect ion o f  the separated compon­
ents using ninhydr in with  a spectroscopic pho toce l l .
Method
Homogenised p lant  mater ia l  (ca.30mg) was shaken with  50ml water  fo r  
three hours. The water e x t r a c t  was f i l t e r e d  and t re a te d  with  t r i c h l o r o -  
methane and p e n ta n - l -o l  to p r e c i p i t a t e  water so luble prote ins (Sevag e t  
a l .  y 1938).  The water e x t ra c t io n  was repeated and the pooled ex trac ts  
freeze d r ied .  Samples o f  the dr ied ex t ra c ts  were redissolved in 2ml o f  
water fo r  an a lys is .
An a l iq u o t  o f  0.5ml o f  t h is  sample so lu t ion  was added to 2.5ml o f  a 
sodium c i t r a t e  loading bu f fe r  (pH2.2) ;  0.5ml o f  th is  buffered so lu t ion  
was passed on to the column fo r  a n a lys is .
Another a l iq u o t  o f  0.5ml o f  the sample so lu t ion  was hydrolysed in 
2M hydrochlor ic  acid fo r  4 hours at  110°C, evaporated and dissolved in 
6ml o f  the loading buf fer  (pH2.2 ) .  Again, 0.5ml o f  th is  hydrolysed 
buffered so lu t ion  was analysed.
Analyses ware performed by passing 0.5ml o f  the loading b u f fe r  
solution onto a 35cm s ing le  column packed with  Ul trapac I I ,  a sulphonated 
polystyrene cat ion  exchange res in .  The column had been regenerated with  
0.4m sodium hydroxide fo r  10 minutes, fol lowed by e q u i l ib r a t i o n  w ith  a 
c i t r a t e  bu f fe r  (pH3.25) fo r  45 minutes. The so lut ions conta in ing the 
buffered ex t rac ts  were e lu ted  with  three buf fers ;  10 minutes, b u f f e r  A 
(pH3.25); 4o minutes, b u f fe r  B (pH4.25);  66 minutes, b u f fe r  C (pH6.45) .  
The e lu t io n  programme also  included a temperature change: i n i t i a l
temperature 50°C fo r  42 minutes fol lowed by 70°C fo r  74 minutes.
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Amino acid composition o f  \ous E 'ichhovn'ia c'Pass'Cpes e'kt^s^cts
% o f  to ta l  amino acids present
Free amino acids 
in aqueous ex t rac ts
Control plants Platinum t re a te d ^ (B /1 5)
1 eaves roots 1 eaves roots
A1an i ne 13.1 7.1 11.2 12.0
4-aminoisobutyr ic  acid 5.3 4 .9 6.1 3 .2
Argi nine 0.1 1.7 0.8 4 .6
Asparagi ne 10.2 18.0 20.9 27.3
Aspartic acid 15.5 20.1 19.1 27.0
Glutamic acid 1.3 2.9 3.3 3.1
Glutamine 5 .3 18.4 5 .3 4.1
Glycine 5 .6 1.9 2 .9 3.9
H is t id in e 3.7 0 .2 1.3 1.0
1 soleuci ne 4 .2 2 .8 2 .0 1.1
Leuci ne 2 .6 3.5 1.6 0.6
Lysine 1.0 0 .6 0 .8 1.1
Phenylalan i ne 5 .7 1.7 2.9 0 .2
Serine 7.8 10.5 7 .9 5 .9
Threon i ne 9.8 1.4 7.1 3.3
Tyros i ne 0.5 1.2 0.6 0 .4
Valine! .8 .2  , 3.1 6 .4 1.3
Platinum applied as c is [P t (N H ^ )^ C l^ ] ,0 .5  ppm Ft,
Table 8 .15
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The absorbance o f  the e luted f r a c t io n s ,  mixed with  n inhydr in ,  was 
measured a t  44o and 570nm; a mixture o f  standard amino acids (25 nanomoles) 
was t rea ted  s i m i l a r l y  and used to c a lc u la te  the amounts of  amino acids  
present in the e x t r a c ts .
Various amino acids present in the root and l e a f  ex t rac ts  were 
i d e n t i f i e d  from charts  of  peaks from the standard mix ture .  The resu l ts  of  
the percentage composition of  amino acids in various ex t rac ts  are  
presented in Table 8 .15 .
8.3 Pi scuss ion
The e f fe c ts  of  t r e a t in g  water hyacinths with complexes o f  the 
platinum metals were recorded over a growth period o f  two weeks. During 
that per iod,  veg e ta t ive  reproduction took place. The same number of  
daughter plants appeared on rhodium t rea ted  plants as on co n t ro ls ,  
but not f o r  those plants  t re a te d  with ci s CPt(NH^)2CI2I • The average 
increase in biomass was 6.7% more fo r  rhodium trea ted  plants than fo r  
controls  whereas i t  was 13.9% less fo r  p lants t re a te d  with  c is  [Pt(NH^)2CI2 ]. 
This confirmed e a r l i e r  ind ica t ions  of growth s t im u la t ion  by rhodium 
(pg.194) .  The e f f e c t  on p lant  roots was s i m i l a r  too: rhodium t rea ted
roots were l i t t l e  a f fe c te d  ( index o f  to lerance = 0.9&) whi le  roots from 
plants t rea ted  w ith  the ant i  tumour drug were r e s t r ic te d  in growth ( index  
of to le rance = 0 .3&) .
The values presented in Tables 8 . 2 ,  8 . 3 ,  8 .8  and 8 .9  represent an 
attempt to  q ua n t i fy  the e f fe c ts  of  various metal complexes on aquatic  
plant growth which can vary a t  random. For th is  reason, average changes 
in biomass and root length must be in te rp re ted  c a r e f u l l y  since they are  
usually accompanied by a high SD and RSD. Nonetheless the values reported  
can be in te rp re ted  in a sem i -q u a n t i ta t iv e  manner.
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p la te  8 .4  shows a d i s t i n c t  d i f fe re n c e  in the colour o f  roots from 
the daughter o f  a rhodium treated p lan t  when compared to con tro ls .  This 
red co lourat ion  may be due to  the presence of  a rhodium complex or to 
some enhanced production o f  a natural  pigment, but th is  has ye t  to  be 
i d e n t i f i e d .  The f lavanoid  pigment anthocyanin has been reported to be 
present in the roots o f  Ei.chhovri'ia orass'ùpes  (Hasman and Inane, 1957).
P lates 8 .7  and 8 .8  show the to x ic  e f fe c ts  o f  platinum applied as 
cis CPt(NH^)2Cl2 ^, on the leaves of  water hyacinth.  Longitudinal brown 
streaks are v i s i b l e  on the pseudolaminae. This was p a r t i c u l a r l y  not iceable  
with newer leaves and with  the leaves o f  daughter p lan ts .  S im i la r  tox ic  
e f fe c ts  to  plants have been reported fo r  o ther  metals such as Cd, Co, Ni 
and Zn. (Rauser,  1973; 1978) (Robb, Busch and Rauser, I 98O). These 
e f fe c ts  were also observed when water hyacinths were t rea ted  with  
platinum applied in o ther  forms; P la te  8 .9K 2 [P tC l^ ] ;  P la te  8.11  
[pt (NH^)^]Cl2 .
The as s im i la t io n  o f  rhodium and platinum from so lu t ion  was monitored 
(Tables 8 .4  and 8 .6 ;  f ig u re  8 . 1 ) .  In the case o f  rhodium the amount o f  
uptake was small r e s u l t in g  in l i t t l e  change in the rhodium concentration  
of the applied n u t r ie n t  so lu t ion  ( f ig u r e  8 . 1 ( b ) ) .  This is re f le c te d  in 
the low concentrat ions o f  rhodium found in both roots and tops of  t rea ted  
plants when analysed. Good agreement was found between I CP and INAA fo r  
the determination o f  rhodium, where s im i la r  leve ls  o f  Rh were found in 
the roots and leaves and ra ther  less in the f l o a t s .
The uptake o f  platinum (Table 8 .6 )  was monitored fo r  the f i r s t  week 
only. The resu l ts  are presented as a graph o f  platinum concentration in 
the n u t r ie n t  so lu t ion  against days growth in platinum ( f ig u r e  8 . 1 ( a ) ) .  A 
steady decrease in the level o f  platinum is shown fo r  the f i r s t  four days, 
leve l l ing  o f f  towards the end o f  the f i r s t  week. A s im i la r  trend is shown
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fo r  the f i r s t  week o f  rhodium uptake ( f ig u r e  8 . 1 ( b ) ) ,  though in the 
second week o f  rhodium treatment the concentration appears to vary l i t t l e .  
Given the l im i ts  o f  e r r o r  involved in measuring such small changes in 
metal concentration and the v a r ia t io n  o f  uptake between ind iv idual  p lan ts ,  
i t  is impossible to measure the to ta l  rhodium uptake, in a l l  p la n ts ,  by 
analysing fo r  rhodium in the n u t r ie n t  so lu t ions .  An est imate  o f  7600 yg 
Rh f o r  the f i r s t  week does not agree with values fo r  the to ta l  found by 
analysis o f  095  yg Rh. The decrease in rhodium concentration (and 
platinum too) is a f fe c te d  by evaporat ion ,  t r a n s p i r a t io n ,  adsorption  
e f fe c ts  as well  as by other  sources o f  e r r o r  mentioned above. Al l  that  
may be concluded is th a t  much o f  the uptake almost c e r t a i n l y  takes place  
with in  the f i r s t  few days o f  growth.
The tox ic  e f fe c ts  o f  d i f f e r e n t  forms of  plat inum on the water
hyacinth show that  there is l i t t l e  d i f fe re n c e  between K2 [PtCl^J and
[Pt(NH^) 2^ ]Cl2 but P t ( lV )C l^  appears to be less to x ic  than complexes o f
Pt "^**. This confirms the resu l ts  o f  inves t iga t ions  in chapter 7 .2 .1
where Pt^^, as (NH^)2 ( P t C l ^ ] , was found to be much less to x ic  than 
2+complexes o f  Pt . Values fo r  the increase in biomass support t h i s ,  
since complexes of  Pt "^*" r e s t r i c t  the weight increase r a t i o  to 2 .46  fo r  
K2 [ P tC l^ ] ,  2 .6 9  fo r  [Pt(NH^)i^]Cl2 and 2.91 fo r  P t ( lV )C l^  compared to 3.04  
for control p lan ts .  The e f f e c t s  on root lengths (Table 8 .9)  were
2+inconclusive. Vegetat ive  reproduction did appear to be a f fe c te d  by Pt 
though t h is  is d i f f i c u l t  to q u a n t i fy .  Platinum was taken up by the p lant  
roots most ly,  w ith  lesser  amounts detected in the leaves and f l o a t s .
The resu l ts  o f  sequent ial  e x t ra c t io n  o f  the dr ied  p lan t  mater ia l  
treated with  plat inum applied as the ant i -tumour drug show that  in the dr ied  
plant leaves, almost h a l f  the plat inum present (47.9%) is insoluble  and 
associated w i th  a - c e l lu lo s e  and l ig n i n .  Lesser amounts are associated
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with, soluble  pectates (20.8% a f t e r  water e x t ra c t io n )  and proteins/amino  
acids (16.1%). A s im i la r  d i s t r ib u t io n  is found in f l o a t  m a te r ia l .  In 
the p lan t  roots ,  ra the r  less is associated with  a -c e l lu lo s e  and l ig n in  
(35%), Prote ins ,  amino acids (9.5%) and soluble pectates (14.2%).  More 
platinum in root mater ia l  was found w ith  water  so luble low molecular  
weight m ater ia ls  a f t e r  both ethanol (23.1%) and water e x t ra c t io n  (12.0%).  
I t  would seem that  most o f  the platinum is bound by a -c e l lu lo s e  o f  c e l l  
walls  w ith  more bound by amino ac ids,  prote ins and so luble pectates in 
plant  tops. In the e x t ra c t io n  schedule ( f ig u r e  8 . 2 ) ,  the m ater ia l  (J") 
extracted w ith  caust ic  a l k a l i  resulted in ex t rac ts  which overloaded the 
background correc t ion  system in ETA AAS during the determination of  
platinum. Further  problems were experienced in an attempt to use solvent  
extrac t ion  techniques to separate the platinum from the i n t e r f e r i n g  
matrix and thus, these resul ts  do not appear in the respect ive tab les .
I t  is ev ident  that  in the +2 ox idat ion  s t a t e ,  plat inum can a f f e c t  the 
growth pat te rn  o f  water  hyacinths;  thus the mode of  chemical binding in 
plant t issues and the chemical form o f  platinum w i th in  the p lan t  both 
need to be invest igated  f u r th e r .
The resu l ts  o f  sequent ia l  e x t ra c t io n  prompted f u r th e r  inves t ig a t io n  
of the d is t r i b u t io n  o f  f re e  amino acids in aqueous e x t r a c t s .  The resu l ts  
from control  p la n t  mater ia l  ind icate  the presence o f  r e l a t i v e l y  large  
amounts of  the common amino acids,  asparagine and asp ar t ic  ac id .  The 
control roots contained high levels  o f  glutamine and ser ine too, w h i ls t  
leaf mater ia l  contained a higher proport ion o f  alamine, threonine and 
valine compared to roots. In platinum t rea ted  plants both root and l e a f  
material  contained a much higher proport ion o f  asparagine and as p a r t ic  
acid.
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CHAPTER IX
DETECTION AND LOCATION OF PLATINUM METALS IN 
EICHHORNIA CMSSIPES USING ELECTRON MICROSCOPY WITH 
X-RAY MICROANALYSIS
9 .1 Background
The c la s s ic a l  technique of  h istochemistry  has been o f  l i t t l e  use in 
the study of  the d i s t r i b u t i o n  o f  heavy metals in p lan t  t issues ,  except in 
those cases where the metal concentration is unusually high. Histochemical  
s ta in ing  of  sections fo r  examination by l i g h t  microscopy, (LM), has been 
described fo r  some metals ,  e . g . :  A l , Fe, As, Ca, Mg and K (Gurr,  1958) 
but the concentration o f  most m icronutr ients  Is wel l  below the detec t ion  
l im i ts  o f  such s ta in in g  techniques.  The advent o f  e lec t ro n  microscopy,  
however, has led to  increasing in te r e s t  in the use of  X-ray microanalysis  
for the study o f  metal d i s t r i b u t i o n  in p lan t  t issues .
The development o f  e lec t ron  microscopy in the 1930 's ,  w ith  i t s  
a b i l i t y  to  extend reso lu t ion  beyond tha t  o f  l i g h t  microscopy has had f a r  
reaching consequences in b io log ica l  d is c i p l i n e s .  Much o f  current  th ink ing  
on the chemistry o f  p lan t  c e l l s  comes from studies which have used e lec t ron  
microscopy as a tool to in ves t ig a te  c e l l  s t r u c tu r e .
B a s ic a l ly ,  there  are two types of  e lec t ron  microscopy: Transmission
Electron Microscopy, (TEM), and Scanning Electron Microscopy (SEM). TEM 
is the o ld e r  o f  the two techniques and involves the passage o f  a 
homogeneous beam of  e lectrons through a th in  section o f  p lant  t is s u e .  
Typical section thickness would be o f  the order of  lOOnm giv ing a 
maximum reso lu t ion  o f  between 0 . 2 - 0 . 3nm in p r a c t ic e .
The events which take place in an e lec t ron  microscope when the
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sample is bombarded with  a beam of  high v e lo c i ty  e lectrons have been 
discussed in chapter 2 .4  ( f ig u r e  2 . 9 ) .  The e lec t ron  beam causes the 
emission o f  secondary e lec t ro n s ,  backscattered e lec t rons ,  c h a r a c t e r is t i c  
X-rays and other  types o f  ra d ia t io n  (Hess, 1979).  The theory o f  X-ray  
production and subsequent microanalysis has been explained prev ious ly  
(chapter  2 . 4 . 2 ) .  In SEM, the sample, which is not sectFoned (as i t  is 
fo r  TEM) is scanned by a narrow beam o f  e lec t rons .  The secondary 
electrons emitted are c o l le c te d  and used to construct  an image which is 
displayed on a CRT screen. The reso lu t ion  is much poorer,  (5- lOnm), than 
for  TEM but SEM is useful in the study o f  surface d e t a i l .  Other in s t r u ­
ments, which are v a r ia t io n s  on the two basic techniques, are a v a i la b le ;  
these include the Scanning Transmission Electron Microscope (STEM) and 
the dedicated Electron Microprobe Analyser (EMPA).
Since the e lec t ron  microprobe X-ray analyser  was introduced  
(Castaing and G u in ie r ,  1949) (Castaing, 1951) i t  has been used in many 
f i e l d s ,  ranging from metal lurgy to  medicine. The progress o f  micro-  
analysis in SEM was the subject  o f  a recent review (Newbury, 1979) .  The 
study of  heavy metal d is t r i b u t io n  in p lant  t issues by EMPA has been 
re s t r ic te d  because the p r a c t ic a l  detect ion l im i t s  in bulk m ater ia ls  are  
between 0 .1-0 .01%; most m icronutr ient  concentrations are well  below t h i s .  
Some studies have been conducted, but mainly on the d i s t r i b u t i o n  o f  the  
macronutrients Ca, K, P and S (LaUchli  and Schwander, I 966) (Lauch l i ,  
1 9 67 ) .  Rasmussen, (1 9 6 8 ) , has used e lec t ron  microprobe analys is  to locate  
aluminium in the roots o f  corn p lan ts .
Various problems in EMPA are associated with b io log ica l  specimens 
p a r t i c u la r l y .  These are: (a) the d i s t o r t i o n  and burning o f  the t issues  
by the e lec t ron  beam; (b) t issue preparation techniques which can r e s u l t  
in the leaching out o f  weakly bound elements o f  in te r e s t  (Morgan, 1979);
241.
(c) non-conductî V I ty  o f  b io log ica l  samples. Freeze drying and c r y o s t a t ic 
techniques have been developed to reduce the movement o f  elements during 
preparat ion  ( Morgan, 1979) (Rasmussen, e t  a l . , I 968) .
Recent trends in microprobe techniques w ith  b io log ica l  samples have 
moved towards examination o f  u l t r a t h i n  specimens with  TEM or STEM 
instruments equipped with energy d ispers ive  analys is  (EDXA). The exam­
inat ion  o f  th in  sections enables q u a n t i t a t i v e  as well as q u a l i t a t i v e  
analysis to be ca r r ie d  out .  Ophus and Gullvag (1974) used TEM and X-ray  
microanalysis to locate lead w i th in  the l e a f  c e l l s  o f  R h y t'id 'ia d e lp h u s  
sq u a rro s u s .  Appl icat ions o f  EMPA in biology have been reviewed recent ly  
(Erasmus, 1978).
in th is  chapter ,  root  and l e a f  samples from E ic h h o m la  o ra s s ïp e s  
(water hyacinth) conta ining the platinum metals were examined in the 
electron microscope. As a guide to anatomical d e t a i l ,  sections o f  root  
and l e a f  were prepared by conventional techniques f o r  examination under 
the l i g h t  microscope (LM). Typical examples o f  l e a f  and root were 
examined then by SEM. Specimens conta ining the plat inum metals were 
examined f u r th e r  in an SEM equipped with EDXA f a c i l i t i e s .  Several  
specimens which gave p o s i t iv e  resu l ts  w ith  EDXA were selected fo r  b r i e f  
invest igat ions ( i )  with the Electron Microprobe Analyser (EMPA) ( i i )  by 
STEM with  EDXA, and ( i i i )  by X-ray Photoelectron Spectroscopy (XPS).
9.2 Light  microscopy (LM)
Method
Samples o f  l e a f  and root t issues were taken from water hyacinths,  
grown in so lut ions conta ining platinum and rhodium, and f ixed  in FAA 
( formaldehyde-acetic a c id - a lc o h o l ) .  Samples from control p lants were 
treated s i m i l a r l y .  The t issues were dehydrated in a graded ser ies  o f
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alcoho l-water  mixtures ending w ith  t e r t i a r y - b u t y l  alcohol (TBA), followed  
by i n f i l t r a t i o n  with p a r a f f in  wax; they were sectioned at  lOym using a 
microtome. The re s u l t in g  sections were mounted on glass s l ides  using 
Haupt's adhesive.
The sections were double sta ined with  safran ine  and fas t -g reen  FCF 
to show up the various c e l l  types and d isp lay  the root  and le a f  anatomy 
of water hyacinth. Safranine is a basic s ta in  o f  red co lourat ion  which 
is s p e c i f i c  fo r  l i g n i f i e d  and cu t in ised  c e l l  w a l l s .  Fast-green,  FCF, is 
sp e c i f ic  f o r  c e l lu lo s e  c e l l  walls  and cytoplasm. Plates 9.1 to 9 .6  
represent transverse sections o f  l e a f  and root from a ty p ic a l  control and 
t rea ted  water hyacinth.
Results
The s t ruc tu re  o f  the l e a f  of E -ichhorn ïa  can be d iv ided convenient ly  
into three d i s t i n c t  regions; the epidermis, mesophyll and conducting  
system (Hasman and In a n e ,1957),  The epidermal c e l l s  are near ly  a l l  
isodiametr ic  in shape, w ith  a th in  c u t i c l e  l a y e r .  The mesophyll is well  
d i f f e r e n t i a t e d  in to  pa l isade and spongy parenchyma which contains large  
a i r  spaces p a r t i t io n e d  by diaphragms. The conducting system is c l e a r l y  
v i s i b l e ,  consis t ing  o f  i r r e g u l a r l y  spaced vascular  bundles. Each bundle 
contains the xylem and phloem elements, surrounded by a sheath o f  
col 1enchymatic inner and parenchymatic outer  c e l l  laye rs .  The transverse  
section o f  the platinum t re a te d  p la n t  le a f  included th a t  par t  o f  the 
leaf  d isp lay ing a brown s t reak  described in chapter 8; (P la te  8 . 8 ) .
The pal isade mesophyll here appears d is to r te d  in contrast  to that  o f  the 
control or rhodium t rea ted  p lant  leaves,  which have c h a r a c t e r is t i c  
elongated c e l l s  o f  the pa l isade mesophyll behind the epidermis. However, 
fur ther  histochemical s ta in in g  would be required to ascertain the nature
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Plate 9.1 Leaf t . s .  from control water hyacinth (xJO) double stained 
with safranine and fast-green (FCF)
#
Plate 9.2 Root t . s .  from contro l  water  hyac inth (><70) double sta ined
w ith  s a f r a n in e  and f a s t - g r e e n  (FCF)
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P l a t e  9 . 3  R o o t  t . s .  f r o m  c o n t r o l  w a t e r  h y a c i n t h  ( x 7 0 )  d o u b l e  s t a i n e d  
w i t h  s a f r a n i n e  a n d  f a s t - g r e e n  ( F C F )
k
Plate 9 . 4  Root t . s .  from plat inum t r e a t e d  water  hyacinth (x70) double
s ta ined  w i th  sa f ran ine  and f a s t - g r e e n  (FCF)
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P l a t e  9 . 5  L e a f  t . s .  f r o m  p l a t i n u m  t r e a t e d  w a t e r  h y a c i n t h  ( x 7 0 )  d o u b l e  
s t a i n e d  w i t h  s a f r a n i n e  a n d  f a s t - g r e e n  ( F C F )
i f :
Plate 9.6  Leaf t . s .  from rhodium t r e a t e d  water  hyac in th  (x70) double
stained  w i th  s a f ra n in e  and fa s t - g r e e n  (FCF)
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of  t h is  d i s t o r t i o n .  S im i la r  tox ic  e f fe c ts  have been reported fo r  z inc  
in beans, soybeans and corn (Rauser, 1973),  cadmium, cob a l t ,  nickel and 
zinc in white beans (Rauser, 1978).
E'ùohhom'ùa has a well  developed root system which can be div ided  
convenient ly in to  epidermis, cortex  and centra l  c y l in d e r .  The epidermal  
c e l l s  are smal le r  in s ize  than those of  the le a f ;  the c e l l  w a l ls  conta in  
anthocyanin: a f lavonoid pigment. The cor tex  consists of  three d i s t i n c t
regions s t re tc h in g  from the epidermis to  the s t e l e .  Below the epidermis  
is a layer  o f  th ic k  wal led c e l l s  packed c lo s e ly  together .  A region o f  
aerenchymatic t issue fo l low s ,  consis t ing  o f  a number o f  th in  wal led c e l l s  
arranged r a d i a l l y .  A t h i r d  region approaching the s t e le  consists o f  a 
number o f  re g u la r ly  arranged c e l l s ,  o f  very s im i la r  shape. A weakly 
developed endodermis is v i s i b l e ,  separat ing the cor tex  from the s t e l e .
The cen tra l  c y l in d e r  contains the xylem and phloem elements, along with  
compactly arranged parenchymatic t issue .
9.3 Scanning e lec t ron  microscopy (SEM)
Method
Samples o f  l e a f  and root  from water hyacinths were removed and 
f ixed in 3% glutara ldehyde in O.IM phosphate b u f fe r  (pH7) fo r  1 hour.
The t issue samples were dehydrated in a graded ser ies  o f  e thano l-water  
mixtures. Specimens were cut a f t e r  removal from 95% ethanol and c r i t i c a l  
point dr ied from l iq u i d  carbon dioxide fo r  1% hours. They were mounted 
on s e l f  adhesive aluminium stubs, spu tter -coated  with  carbon (S.Onm) and 
examined in the scanning e lec t ron  microscope (Cambridge instruments S4-10 
Stereoscan) . E lectron micrographs were taken a t  gun p o te n t ia l  o f  lOkV 
and some typ ica l  examples o f  l e a f  surfaces,  and root cross sections are  
presented in p la tes  9-7 to 9 .12 .
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( a )  X30  ( b )  x 60
P l a t e  9 . 7  C o n t r o l  w a t e r  h y a c i n t h :  l e a f  s u r f a c e
( c )  x 1 2 0
: a )  * 3 0 0 ( b )  x 600 ( c )  X I 2 0 O
P l a t e  9 . 8  C o n t r o l  w a t e r  h y a c i n t h :  l e a f  s u r f a c e
( a )  x 1 2 0  ( b )  x 6 3  ( c )  x l 2 6
P l a t e  9 . 9  W a t e r  h y a c i n t h  l e a f  s u r f a c e :  ( a )  c o n t r o l ;  ( b )  a nd  ( c )  
p l a t i n u m  t r e a t e d  ( B / 1 5 ) .
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( a )  ) d 26  ( b )  x3 l 5 ( c )  X630
P l a t e  9 . 1 0  W a t e r  h y a c i n t h  l e a f  s u r f a c e :  p l a t i n u m  t r e a t e d  ( B / 1 5 )
( a )  x 3 2 0  ( b )  x 3 3 0
P l a t e  9 . 1 1  C o n t r o l  w a t e r  h y a c i n t h :  r o o t  ( t s )
A
( c )  x 6 5 0
( a )  x 6 3 0  ( b )  X 1 2 Ô 0
P l a t e  9 . 1 2  C o n t r o l  w a t e r  h y a c i n t h ;  r o o t  ( t s !
( c )  X 3150
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Results
Plates 9 .7  and 9-8 represent a typ ica l  l e a f  upper surface of  
E xabhorn ia  a t  various magni f ica t ions.  The l e a f  has am ary l l is  type 
stomata ( f i g . 9 . 8c) on both upper and lower sur face; i t  is th e re fo re  
designated amphistomatic (Hasman and Inane, 1957).  There is no detec tab le  
d i f fe re n c e  between the l e a f  surface o f  the platinum t re a te d  p lan t  and 
control p lan t  as seen In the e le c t ro n  micrographs (P la te  9 . 10).
Electron micrographs o f  the root ,  shown in Plates 9 .1 1 ;9 .1 2 ,  
complement the photo micrographs o f  root t ransverse sections shown in 
Plates 9 . 2 ; 9 . 3 . The aerenchymatic t issues are c l e a r l y  v i s i b l e  as are the 
xylem elements in the centra l  c y l in d e r .
9.4  Energy d ispers ive  X-ray analys is  (EDXA) w i th  SEM 
Method
The specimens o f  l e a f  and root ,  from water hyacinths, described in
9 .3  were examined f u r th e r  in the SEM with  EDXA  ^ (Cambridge Instruments  
52 A).  A l l  e lec t ron  micrographs were taken a t  a gun p o te n t ia l  o f  2kV and 
a gamma s e t t in g  o f  2. EDXA was c a r r ie d  out on the whole f i e l d  a t  a 
magnif icat ion  of  X625. The elements o f  i n te r e s t  and t h e i r  corresponding 
X-ray l ines  are given in Table 9 .1 .  Two spectra were recorded: 0-10 keV
and 0-5  keV a t  IK fsd.  Specimens which gave p o s i t iv e  resu l ts  fo r  
platinum were examined in the 6-16 keV range. Results are presented in 
Plates 9.13  to  9 . 2 3 .
Results
The spectra  o f  control l e a f  and root specimens show a high 
concentrat ion o f  calcium and smal ler  amounts o f  phosphorus and sulphur;
^SEM-EDXA inves t iga t ions  were c a r r ie d  out by the Electron Optics Unit  a t  
the Johnson Matthey Research Centre.
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X-ray peaks (keV) fo r  microanalysis
Element L . s s "a
Platinum 66.82 9 .44 11.07 12.94 2.05
Rhodi urn 20.20 2.70 2.83 3.14
Ruthen i urn 19.28 2.56
Aluminium 1.49
S i l ico n 1.74
Phosphorus 2.02
Sulphur 2.31
Chlorine 2.64
Potass i urn 3.31 3.59 ■
Calcium 3.69 4.01
1 ron 6.40 7.06 0.70
T a b le  9.1
V251
(a) l e a f  surface  
(0-10keV)
(b) le a f  surface
(c) root surface
P l a t e  9 . 1 3  ( c o m p o s i te )  EDXA o f  E io hh o rn ia  e rass ipes  ( u n t r e a t e d  c o n t r o l )
# ^  ^
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(a) l e a f  from
plant t rea ted  
wi th
(NH^)2CPtClg]
(O-lOkeV)
(b) 1 eaf  from a plant  
t reated wi th 
CIS [Pt(NHj)2Cl2]  
(O-lOkeV)
.*■
!»
> 41 k' :- I.* J S#
il
/
I
(c) l e a f  from a p lant  
t rea ted  wi th 
CIS [ P t l N H . j - C l - ]
P l a t e  9 .1 4  ( c o m p o s i te )  EDXA o f  l e a f  s u r fa c e s  f rom  EïchhoTnïa erass'ùpes
t rea ted  with platinum
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(a) x l80
(b) x450
:c) xgoo
Plate 9-15 (composite) Leaf surface of E'lohhom ia orasszpes treated with
Na^CRhCl^]
254
( a )  O - l O k e V
( b )  0 - 5 k e V
P l a t e  9 . 1 6  ( c o m p o s i t e )  EDXA o f  l e a f  s u r f a c e  f r o m  E i o h h o w . i a  c r a s s i p e s
t r e a t e d  w i t h  N a ^ [ R h C l ^ J
(a) x i 80
(b) x450
(c) xgoo
Plate 9.17 (composite) Root surface of E-ichhornïa crassïpes  treated
with (NH^IgfPtCl^]
...
I
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(a) 0-10keV
j i  n f «
Plate  9.18 (composite) EDXA o f  root surface from E'iQJiJwvnza a ra ss tp e s
t reated with (NH^ÏgCPtCl^]
r
. j \  I .
n
a»»
I V
m r
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(a) 0-10keV
mk
■J5
(b) 0-5keV
Plate 9 .19  EDXA o f  root surface from E ic h h o rn ia  e ra s s ip e s  t reated with  
c Is  [Pt (NH,)2Cl23
(a) %?8o
'GnoucT:^ ,'
(fa) x4so
(c) xgoo
(composite) Root
P la te  9 .2 0
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]
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(a) 0-10 keV
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(b) 0-5 keV
Plate 9.21 EDXA of  root surface from E ic h h o m 'ia  cTassi-^es treated with
Na_[RhC1^]
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P l a t e  9 . 2 2  E i o h h o r n i a  o r a s s ï p e s  r o o t  c r o s s  s e c t i o n ,  r u t h e n i u m  t r e a t e d ;
( x 2 5 0 )
P l a t e  9 . 2 3  EDXA o f  r o o t  f r o m  E i e k h o m i a  c r a s s i p e s  t r e a t e d  w i t h  
( N H ^ ) . [ R u C l g 1 ;  ( 0 - 5 k e V )
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aluminium from the stub is detectable too. The root treated with lOppm 
platinum, applied as appears covered in e lect ron  dense
deposits (Plate  9 .1 7 ) .  EDXA o f  these samples (Plate  9.18) show calcium  
at  3.69  keV, and a d i s t i n c t l y  large peak at  the platinum M l in e  at
2.05  keV, which completely masks the phosphorus l in e  at  2.02 keV. The 
platinum l in e  a t  9.44 keV and l i n e  a t  11.07 keV are v i s i b l e  a lso  
(P la te  9 . 18 ( c ) ) .
Platinum was not detected in l e a f  material  from any p la n t ,  nor was 
i t  detected in any mater ia l  from plants t rea ted  with  the ant i  tumour drug 
(Plates 9 .14(c )  and 9 .1 9 ) .  Rhodium was not detected in any sample (Plates  
9.16  and 9 . 21) ,  although there is only one area to scan i . e .  the L l ines  
whereas both the L and M l ines  are v i s i b le  with  platinum. EDXA o f  the 
root from the p lant  t reated  w ith  5ppm ruthenium, applied as (NH^j^CRuCl^] 
(P lates 9 . 2 2 ; 9 . 23 ) ,  show a peak at  about 2.56 keV but th is  may be due to
e i t h e r  ruthenium L or  ch lor ine  K , or both.a a
On uneven samples such as these, the amount o f  "bounce" is very 
high, leading to high aluminium (from the stub) and high iron (from the 
pole piece o f  the microscope) s igna ls .  Even when the signal is d i s t in c t
and not obscured by background, the topographical r e l i e f  was found to
make mapping with  such low levels  of  metal impossible with th is  system.
9.5  E lectron microprobe analysis (EMPA)
Method
Selected specimens o f  root from E 'iehh o rn ia  c ra s s ip e s ,  t reated with  
the platinum metals,  and described in 9.3 were examined In the e lectron  
microprobe analyser (EMPA)^. The instrument used was a Camebax MBX
^EMPA carr ied  out by the Electron Optics Unit  a t  the Johnson Matthey 
Research Centre.
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Electron Probe micro X-ray analyser ,  f u l l y  computerised and programmable, 
supported by a Tracor Northern TN 2000 main frame computer and POP 1104 
with a TN 1310 in te r fa c e .  I n i t i a l l y ,  wavelength dispersive analysis  was 
employed fo r  mapping out platinum d i s t r i b u t io n  but improved software  
enabled successful energy d ispers ive mapping to be carr ied  out .  The 
l im i ta t io n s  of  t r a d i t i o n a l  EDXA stem from the use o f  the standard ras ter  
scan of  the e lec t ron  beam which scans too quick ly .  The use o f  an X-Ray 
Imaging Program, XIP, (Tracor Northern) overcomes these l im i ta t io n s  and 
improves resolut ion s i g n i f i c a n t l y .
Linescans and d i s t r i b u t io n  maps were obtained fo r  platinum and 
ruthenium in root samples of  t reated  p lan ts .  I n i t i a l l y ,  specimens were 
prepared in resin blocks (as fo r  TEM) and polished f l a t ,  but platinum was 
not detected; the samples prepared for  SEN were recoated e i t h e r  with  
carbon or metal ( e . g . :  A1; N l /Cr )  and examined by EMPA. The acce lerat ing  
voltage was 35kV to a l low  the K l in e  o f  Ru to be used ot  map the elemental  
d is t r ib u t io n  across the energy band 19»2 -1 9 * 3keV. The same vol tage was 
used to map the platinum d is t r ib u t io n  using the L l in e  of  platinum across 
the energy band 9*3-9.5keV.
Results
The resul ts  o f  these invest igat ions are presented in Plates 9.24 to 
9.28 .  The surface of  a root taken from a platinum treated water  hyacinth 
(D/14/R) is shown in P la te  9 .2 4 ( a ) ;  a map of the platinum d is t r ib u t io n  in 
the same f i e l d  is given in (b) o f  the same p la te .  A longi tud ina l  section  
through a root t ip  from the same plant  and the corresponding Pt d i s t r i ­
bution is shown in P la te  9 .24(c)  and ( d ) . Another root t i p  ( l . s . )  from 
the same p lant  was examined by wavelength d ispers ive analysis (WDXA) and 
compared to EDXA using the XIP f a c i l i t y  (P la te  9 .2 5 ) .  Transverse sections  
were examined also (P lates 9.26 and 9 .2 7 ) .  The results  ind icate  quite
( b )  p l a t i n u m  d i s t r i b u t i o n  i n  
( a ) ;  w a v e l e n g t h  d i s p e r s i v e  
X - r a y  a n a l y s i s
( d)  p l a t i n u m  d i s t r i b u t i o n  i n  ( c )  ; 
e n e r g y  d i s p e r s i v e  X - r a y  
a n a l y s  i s  u s i n g  X I P .
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( a )  r o o t  s u r f a c e  ( * 1 0 0 )
( c )  l . s .  o f  r o o t  t i p  f r o m  s a m p l e  
D / 1 4 / R ;  ( x l O O )
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P l a t e  9 . 2 4  E l e c t r o n  m i c r o p r o b e  X - r a y  a n a l y s i s  o f  r o o t s  f r o m  w a t e r  h y a c i n t h  
t r e a t e d  w i t h  p l a t i n u m  a p p l i e d  a s  ( N H ^ ) 2 [ P t C l
264
[ a)  r o o t  r i p  o f  D / 1 4 / R  
(xlOO)
( b )  p l a t i n u m  d i s t r i b u t i o n  i n  
( a ) ;  WDXA
I M  1 1 IB I4 N T
( c )  p l a t i n u m  d i s t r i b u t i o n  i n
( a ) ; EDXA u s i n g  X I P
---
P l a t e  9 . 2 5  C o m p a r i s o n  o f  WDXA a n d  EDXA f a c i l i t i e s  f o r  t h e  l o c a t i o n  o t  
p l a t i n u m  i n  t h e  r o o t  t i p  o f  w a t e r  h y a c i n t h s  t r e a t e d  w i t h  
(NH^i^CPtCl^]
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( b )  p l a t i n u m  l i n e s c a n  a c r o s s  
r o o t  t . s .  ( x 2 0 0 )
( a )  p l a t i n u m  l i n e s c a n  a c r o s s  
r o o t  t . s .  ( x 2 0 0 )
( c )  r o o t  t . s .  ( x 2 0 0 )
( d )  p l a t i n u m  d i s t r i b u t i o n  i n  ( c )  
EDXA u s i n g  X I P
Plate 9.26 Platinum distribut ion in roots from water hyacinth treated
with (NH^l^CPtCl^]
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P l a t e  9 . 2 7  ( c o m p o s i t e )  ( a )  R o o t  ( t . s . )  t a k e n  f r o m  a w a t e r  h y a c i n t h
— Q
t r e a t e d  w i t h  l Omg dm p l a t i n u m  a p p l i e d  a s  
( N H ^ ) 2 [ P c C l ^ ] ; ( x l 8 2 ) ;  t h i s  e l e c t r o n  m i c r o g r a p h  
r e p r e s e n t s  t h e  c o m p l e t e  t . s .  w h i c h  i s  e x a m i n e d  
f o r  p l a t i n u m  d i s t r i b u t i o n  i n  m o r e  d e t a i l  i n  b ,  
c ,  d a n d  e .
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( c )  p l a t i n u m  d i s t r i b u t i o n  i n  ( b )  
EDXA w i t h  X I P
( e )  p l a t i n u m  d i s t r i b u t i o n  i n  ( d )  
EDXA w i t h  X I P
( b )  r o o t  t . s .  o f  D 1 4 / R  
(x200)
( d )  r o o t  t . s .  o f  D 1 4 / R  
( x 2 0 0 )
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P l a t e  9 . 2 7  ( b , c , d , e )  P l a t i n u m  d i s t r i b u t i o n  i n  r o o t  s e c t i o n s  o f  w a t e r
h y a c i n t h
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[ a )  l i n e s c a n  o f  r o o t  ( t . s . )  
s h o w i n g  Ru d i s t r i b u t i o n  
( x 1 0 0 )
( b )  r o o t  ( t . s . )  o f  w a t e r  
h y a c i n t h  ( x 2 0 0 )
(c) ruthenium distribut ion  
i n (b)
Plate 9 .28 Ruthenium distribution in the roots of water hyacinth 
treated with (NH^)^[RuCl
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c le a r ly  tha t  much of  the platinum present is located in the epidermal  
region o f  the root; lesser  amounts were found in the cortex.
S im i la r  invest igat ions with  roots from ruthenium treated water  
hyacinths show Ru d is t r ib u ted  ra ther  more evenly across the root (P la te  
9 . 28) .  However, several problems emerged in these studies using EMPA and 
these Impose l im i ta t io n s  on the conclusions which may be drawn. Specimen 
charging was d i f f i c u l t  to avoid and th ick  metal coatings would have impeded 
microanalysis ,  thus, the image q u a l i t y is  degraded. Specimens were found to  
be d is to r te d ,  sometimes by preparation or by the e lec t ron  beam i t s e l f ;  
th is  is seen in Pla te  9 .28 ,  where the cortex has become detached from the 
epidermis. As described previously  (p g .2 6 l ) ,  the topography of  these 
samples can lead to a r t i f i c i a l  signal enhancement, though large areas of  
lo c a l is a t io n  can be id e n t i f i e d .
9.6  Scanning Transmission Electron Microscopy (STEM) with analysis  
Method
Segments o f  root from E io h h o rn ia  c ra s s ip e s  t reated with (NH^)2CPtCl 
were f ixed  in 3% glutaraldehyde a t  4^C, in a 0 . IM phosphate b u f fe r ,  fo r  
1 hr.  A f te r  treatment in 0 . IM phosphate buf fer  (30min) and deionised water  
(30min) the specimens were p os t - f ixed  in 1% OsO^  ^ fo r  Ih r  a t  4°C . A f te r  
fu r th e r  treatment w ith  deionised water (30min) the specimens were 
dehydrated in a graded ser ies  o f  water/ethanol and brought to room 
temperature. The specimens were t ransferred  from absolute ethanol to a 
1:1 solut ion o f  epoxy resin in ethanol and l e f t  overn ight.  This was 
fol lowed by i n f i l t r a t i o n  with undi luted epoxy resin (5hrs) which was then 
polymerised fo r  8hrs.
Resin blocks were trimmed and the root segments o r ien ta ted  fo r  the 
c o l le c t io n  o f  transverse sections.  U l t ra th in  sections (<100nm) were cut
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with glass knives on an ultramicrotome (Huxley) and mounted on copper 
g r i d s . Sections were examined by Scanning Transmission Electron Micro­
scopy^ (STEM) using a Jeol lOOCX Temscan equipped with EDXA (Link Systems 
L t d . ) .  E lectron micrographs were taken a t  a gun potent ia l  of  40keV and 
EDXA carr ied  out on sections from both platinum treated and untreated  
plants;  results  are presented in Plates 9 .29;  9.30 and f igures  9.1 and 
9 .2 .
Results
Plate  9.29  shows d e t a i ls  of  the u l t r a s t r u c tu r e  o f  control roots.
Cell  wal ls  are c l e a r l y  v i s i b le  as are vacuoles and i n t e r c e l l u l a r  spaces. 
Sections were viewed unstained In order  to avoid in te r fe r in g  with  the 
locat ion of platinum by EDXA, hence exact cyto log ica l  d e ta i l  is absent.  
Problems arose with  the examination of  platinum treated specimens which 
showed widespread e lec t ron  dense deposits (P la te  9 .3 0 ) .  EDXA o f  these 
deposits confirmed the presence o f  platinum ( f ig u re  9 . 2 ) ,  but u l t r a -  
s t ru c tu ra l  d e ta i l  was obscured. The deposits were randomly d is t r ib u te d  
throughout the section which appeared to have 'ho les '  in those areas where
there should have been an i n t e r c e l l u l a r  space. I t  is possible that  the
platinum deposits are located here but loosely bound and are dislodged  
during sectioning.  EDXA spectra dlsplayed Cu and Cu L^ peaks (from the  
g r i d ) , Os L^ (from p o s t - f i x i n g ) .  The Pt M^  and Pt L^ peaks were present  
In sections from Pt t reated p lan ts .  In the control sections,  EDXA showed 
an anomalous peak a t  2 . 36keV which may be due to contamination from lead
(Pb M^  has a peak a t  th is  energy) ( f igure  9 . 1 ) .
^STEM f a c i l i t i e s  were provided by the Chemical Crysta l lography Laboratory,  
U nivers i ty  o f  Oxford.
271
Plate 9.29  STEM of root ( t . s . )  from control water hyacinth 
(xSOOO)
y I
X
*  *3^
Plate 9.30 STEM of root from platinum treated water hyacinth (x2800)
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40 keV; 100s count t ime, 40° take o f f  angle
Pb M
Figure 9-1 EDXA spectrum of  t . s .  from control water hyacinth 
root sample as viewed by STEM
40 keV; 100s count t ime; 40° take o f f  angl
Pt L
Figure 9.2 EDXA spectrum of  t . s .  from platinum treated water hyacinth
root sample as viewed by STEM
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9 .7  X-ray photoelectron spectroscopy (XPS)
Background
When a photon of  energy hv s t r ikes  a sol id  the e jected photoelectrons  
have a k in e t ic  energy d is t r ib u t io n  composed o f  a ser ies of  bands r e f le c t in g  
the e le c t ro n ic  s tructure  of the sample (Roberts, I 98 I ) .  I f  the k i n e t ic  
energy of the photoelectrons can be determined exper imental ly  then the 
binding energy Eg of  the photoelectron can be calculated from
Thus the photoelectron spectrum consists a number of  peaks a t  d isc re te  
values o f  corresponding to values of  Eg. The value of  Eg can id e n t i f y  
the atom involved in the ion isa t ion  process and through small changes in 
Eg, reveal the chemical environment o f  a given atom.
X-ray photoelectron spectroscopy (XPS) involves the photoejection of  
electrons from core leve ls ,  which can lead to valuable information concern­
ing the mode o f  chemical bonding a r is in g  from the re la t ionsh ip  between the 
e f f e c t i v e  charge on the atom and the binding energy of  an Inner shell  
e l e c t r o n .
Method
Specimen pieces o f  root from E iohhorn 'ta  c ra s s ip e s  treated with
2C P t C l w e r e  prepared as fo r  SEM. The specimens were mounted
together on a s ingle  holder using double sided adhesive tape and examined
by XPS (Vacuum Generators S c i e n t i f i c  Ltd. ESCA3 M k l ) .  They were i l luminated
with A1 K rad ia t ion  and the emitted e lectron energies analysed. The 
a
resul ts  are presented in f igures 9 .3 ;  9.4 and 9*5.
Results
A wide scan shows the presence of C, 0, and Si ( f igu re  9 . 3 ) .  A 
narrow scan of the Pt 4 f  region shows emission a t  an apparent binding 
energy o f  79.7eV ( f ig u re  9 . 5 ) .  Taking into account the specimen charging
274.
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of  about 3-4eV, th is  emission could well  be due to the oxidised Pt
present.  The corrected Pt 4 f  binding energy of  76.2±0.5eV agrees with
4+values found for  Pt as K^CPtCl^] of  75.5±0.5eV (Leigh and Bremser, 
1972) (Escard, e t  a t , ,  1975). On the root surface, the apparent Pt to 
C r a t io  is 0 .001.
27Ü.
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CHAPTER X
A STUDY OF THE ACCUMULATION OF PLATINUM BY THE 
SOUTH AFRICAN GRASS 22TARZA yZarTCTLLAZA
10.1 Background
A discussion o f  the a v a i l a b i l i t y  of  the platinum group metals with  
special reference to the Merensky Reef In South A f r ica  has been presented 
in chapter I (pg. 3 6 ) .  The aims of  the invest igat ions described in th is  
chapter can be summarised as fo l lows:
( I ) to Id e n t i f y  plant  species. Indigenous to South A f r ic a ,  
which might be used to colonise ore t a i l i n g s .
(11) to Invest iga te  whether such species might accumulate 
s i g n i f i c a n t  levels  of  platinum from ore t a i l i n g s .
F lo ta t ion  t a i l i n g s  are the f in a l  waste product from the mining 
techniques employed to e x t ra c t  the platinum metals from t h e i r  ore .  The 
deposits worked by Rustenburg Platinum Mines Ltd. form part  of the  
Merensky Reef,  which Is approximately 50cm th ick  and some 8 ppm to ta l  In 
platinum metals.  The mined ore Is crushed In a ser ies of  jaw crushers 
and fed In to  bal l  m i l l s .  The technique of  g rav i ty  concentration is used 
to remove the coarse p a r t ic le s  of  platinum bearing mineral,  y ie ld in g  a 
f in a l  high grade concentrate .  The t a i l i n g s  are returned to the mil l  
c i r c u i t  fo r  fu r th e r  treatment to recover the remaining small amounts of  
the platinum group metals as a f lo t a t io n  concentrate.  The f in a l  f l o t a t i o n  
t a i l i n g s  are discarded; they consist mainly o f  the elements A1, Ca, Cr,
Mg and S i ,  and minor amounts o f  Fe and Na; trace amounts of Mn, T i , Cu,
Pb, Ni ,  Ag, W, V and Zn are present a lso,  as well as traces of the
platinum group metals. (Hunt, 1971) (Hunt and Lever, 1971).
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A v a r ie ty  of  South Afr ican grass seeds were co l lec ted  from plants  
growing in the v i c i n i t y  of  the Matthey Rustenburg Refiners plant  in South 
A f r ic a .  The seeds were dr ied ,  packed and sent to the U.K. fo r  in v e s t ig ­
a t io n .  Unfortunate ly ,  the species co l lec ted  had not been i d e n t i f i e d ,  and 
pre l im inary  attempts to germinate the seeds indicated that  most were not 
v ia b le .  However, one species which did germinate,  was selected fo r  
fu r th e r  inv e s t ig a t io n .  This species was presented for  i d e n t i f i c a t i o n ,  
to the Royal Botanic Gardens, Kew and was named as Setarï-a  v e r t 'ù o ï t ta ta  
(L) P. Beauv.
10.2 The co lon isat ion  o f  Rustenburg F lo ta t ion  Ta i l ings  by Setar'La
v e r t ' iQ 't t ta ta
Rustenburg F lo ta t ion  t a i l i n g s  (297kg) were obtained from the 
Waterval Reduction Works o f  Rustenburg Platinum Mines L td . ,  fo r  the 
inves t iga t ion  of  i t s  possible co lonisat ion by South Afr ican grasses.
The t a i l i n g s  had been analysed by wet chemical methods, fo r  the 
indiv idual  precious metals present,  by Rustenburg Platinum Mines L td . ;  
these values are given in Table 10.1.
Seeds o f  the South Afr ican grass S e ta r ta  v e r t z e t t la t a  were 
germinated by sand c u l tu re  methods; the seeds were sown In p l a s t ic  pots 
containing acid washed Loch A l ine  sand, moistened with  f u l l  strength  
n u t r ie n t  so lu t ion  (Epstein, 1972). The pots were covered with  poly­
ethylene f i lm  to aid germination, and t ransferred  to a contro l led  
environment growth room (Prestcold C e n tra l ) .  Conditions In the growth 
room have been described elsewhere (c h .3 . 1 ) .  A f te r  f i v e  days, the young 
seedlings were t ransplanted In to  three trays (355x217mm) containing  
f l o t a t i o n  t a i l i n g s  ( fdelonised w ate r ) ,  f l o t a t io n  t a i l i n g s  (+half  strength
tSouth Afr ican grass seeds were co l lec ted  by Dr.  M.E. Chalkley, Matthey 
Rustenburg Refiners L t d . ,  Rustenburg, South A f r ic a .
Precious Metal Content o f  Rustenburg F lo ta t ion  Ta i l ings
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values in ppm (mg kg | % o f  to ta l
Platinum 0.612 50.00
Palladium 0.230 18.78
Gol d 0.075 6.12
Ruthenium 0.215 17.55
Rhodium 0.045 3.67
Ir id ium 0.027 2.20
Osmiurn 0.021 1.71
Total 1.225
Table  10.1
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n u t r ie n t  solut ion)  and John Innes No.3 pott ing compost, respect ive ly .
The l a t t e r  served as a con tro l .
Three rows of  approximately 10-11 plants were planted in each t ra y ,  
a l l  of  which were i r r ig a t e d  w ith  deionised water for  15 minutes each day, 
using the automatic i r r i g a t io n  system. The second t ray  containing  
f l o t a t i o n  t a i l i n g s  was t reated p e r io d ic a l ly  with h a l f -s t re n g th  n u t r ie n t  
solut ion to compare growth patterns with those plants grown on t a i l i n g s  
without add it iona l  n u t r ie n ts .  One row of  plants from each of the three  
trays was harvested a t  various in te rv a ls  (32, 44 and 60 days) during the 
course o f  two months, to determine the uptake o f  any platinum, which 
accounts fo r  some 50% o f  the to ta l  precious metals in t a i l i n g s .  The 
plants were photographed at  these points in the course of  the experiment;  
they are presented in p lates 10.1 ,  10.2 and 10.3 respect ive ly .
The plants were harvested in the fo l lowing way: each was separated
into  leaves, stems and root stock. The roots were washed by gentle  
a g i ta t io n  in deionised water,  which removed almost a l l  t a i l i n g  debris .
The leaves, stems and roots from each crop were weighed, oven dr ied a t  
90°C fo r  24 hours and reweighed. The dried p lan t  materia l  was analysed 
by wet ashing in concentrated A r is t a r  n i t r i c  acid and platinum determined 
by ETA AAS. The resu l ts  of  the three harvests are presented in Table  
10.2 .
10.3 The uptake o f  platinum applied as K^ [P t  C l^] by S e ta r ia  vevt'C o 'C tta ta
Seeds o f  the South A fr ican  grass SetccrCa v e r t ie ^ ù l la ta  were 
germinated by sand cu l tu re  methods as described previously .  Young plants
3
were selected fo r  un i formity  of  s ize  and growth, and t ransfer red  to 2 dm 
black p l a s t ic  boxes. H a l f -s t re n g th  n u t r ie n t  so lut ion  was added to three 
p l a s t ic  boxes each containing four  p lants .  When the plants were well
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Colonisation o f  Rùsténbéfg F lo ta t ion  Ta i l ings  
by 'S è top 'ia  ' ‘ü è v t ïe 'i t ta ta  
(No platinum detected^ in any p lant  digest)
Days growth Sample d e ta i ls Wet wt/g Dry wt/g Water content %
32 days SV/T/leaves 0.45 0.089 80.2
SV/T/stems 0.37 0.052 85.9
SV/T/roots 0.15 0.061 59.3
SV/TN/leaves 1.89 0.279 85.2
SV/TN/sterns 1.68 0.155 90.8
SV/TN/roots 0.69 0.262 62.0
SV/Control/1eaves 11.11 1.201 89.2
SV/Control/stems 9.46 0.633 93.3
SV/Control/ roots 1.58 0.203 87.2
44 days SV/T/leaves 0.69 0.146 78.8
SV/T/stems ' 0.76 0.110 85.5
SV/T/roots 0.26 0.053 79.6
SV/TN/1eaves 5.05 0.752 85.1
SV/TN/stems 4.99 0.556 88.9
SV/TN/roots 3.72 0.581 84.4
SV/Control/ leaves 9.07 1.303 85 .6
SV/Control/stems 9.31 1.390 85.1
SV/Control/ roots 6.14 0.983 84.0
60 days SV/T/1eaves 0.36 0.109 83.7
SV/T/stems 0.42 0.065 84.2
SV/T/roots 0.61 0.123 79.8
SV/TN/1eaves 3.27 0.674 79.4
SV/TN/stems 4.21 0.692 83.6
SV/TN/roots 4.20 0.848 79.8
SV/Control/ leaves 8.52 0.788 90.8
SV/Control/stems 5.19 0.531 89.8
SV/Control/ roots 4.02 0.384 90.4
fDeterminations by ETA AAS
Table  10,2
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P l a t e  1 0 . 1  T h e  g r o w t h  o f  S .  v e r t i c i l l a t a  on t a i l i n g s  ( 3 2  d a y s )
P l a t e  1 0 . 2  T h e  g r o w t h  o f  S .  v e v t t c t t t a t a  o n  t a i l i n g s  ( 4 4  d a y s )
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Plate 10.3 The growth of S. v e v tic illa iX L  on tai l ings (60 days)
Plate 10.4 The uptake of platinum by S, v e T ttc 't t ta ta
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estab l ished ,  the boxes were treated with  f u l l  strength n u t r ie n t  solut ion  
containing the fol lowing concentrations o f  platinum: 0 .5  (Box B) and
2 .5  ppm (mg dm (Box C ) . The t h i r d  box contained j u s t  f u l l  strength  
n u t r ie n t  so lut ion  and served as a control (Box A).
The condit ions o f  the growth room have been described elsewhere 
( c h . 3 . 1) .  The nutr ients  and applied platinum were renewed a f t e r  7 days 
and the plants harvested a f t e r  14 days. The p lant  roots were measured 
before,  a f t e r  and during the experiment; shoot heights were measured 
a f t e r  the experiment too. These results  are presented in Table 10.3 .  
Pla te  10.4 shows the s ta te  of growth a f t e r  l4 days.
The harvested plants were divided in to  roots and tops, weighed, 
dried and reweighed. The dr ied p lant  materia l  was wet ashed and the 
platinum content determined by ETA AAS. Results are presented in Table  
10.4.
10.4 Discussion
The growth of 5.  v e T t ia i l t a t a  on untreated f lo t a t io n  t a i l i n g s  
proved very d i f f i c u l t ,  since the substrate lacks the essent ia l  macro-
HM
n u t r ie n ts :  K, P, NO^, NH^. Plants grown on th is  medium showed a very
poor growth y ie ld  and suffered from a low water content compared to 
contro ls ,  even though i r r i g a t io n  was provided. Adding nu t r ien ts  to the 
t a i l i n g s  improved the y ie ld  but i t  was s t i l l  less than control y ie ld s .
In control p lan ts ,  grown on John innes No.3 , the water content was s im i la r  
fo r  leaves, stems and roots, but when under stress (growing on t a i l i n g s )  
the root system suffered from lower water content compared to leaves and 
stems.
Platinum was not detected in any of  the digests from these p lant  
samples. This shows that  th is  p a r t ic u la r  species is unable to concen­
t r a t e  o r  recover platinum, the most abundant PGM in t a i l i n g s  even a f t e r
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Tab Te 1. E f fe c t  o f  platinum applied as K^ CPtCl j^on SetcxP'icL veTt'Co'iT'Lata
Plant  re f .  
No.
Longest
root
start/mm
Longest 
root 
1 wk/mm
increase  
in root 
length/mm
Longest
root
2 wks/mm
Total increase  
in root 
length/mm
Shoot 
height  
2 wks/mm
A /1 7 / i 82 243 161 265 183 138
A / 1 7 / i i * 70 73 3 135 65 78
A / 1 7 / i i i 90 238 148 380 290 168
A /1 7 / ÎV 85 218 133 330 245 128
n 86 233 147 325 239 145
SD k 13 14 58 54 21
%RSD 4.7 5.7 9.5 17.7 22.4 14.4
B /17 / I 101 273 172 520 419 158
B / i 7 / ; i 80 253 173 480 400 158
B / 1 7 / î î i * 55 63 8 70 15 48
B /1 7 / I v 77 218 141 440 363 158
n 86 248 162 480 394 158
SD 13 28 18 40 28 0
%RSD 15.2 11.2 11.2 8 .3 7.2 0
C /17 / i 83 88 5 90 7 43
C / 1 7 / i i * 60 60 0 60 0 68
C / 1 7 / 1 i I 80 81 1 85 5 103
C /1 7 / l v 62 68 4 65 3 20 .
n 75 79 3 80 5 55
SD 11 10 2 13 2 43
%RSD 15.1 12.8 62.5 16.5 40 .0 77.5
Key: Box A, con tro l ;  Box B, 0.5 yg ml  ^ Pt; Box C, 2.5 yg m l P t .
^Plants which fa i le d  to take to hydroponic growth, these data are omitted  
from s t a t i s t i c a l  ca lcu la t ions.
Table 10.3
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60 days growth.
When grown hydroponically ,  S, v e r t ï o ï lZ a ta  was st imulated a t  low 
leve ls  of  platinum applied as K^CPtCl^]. Table 10.3 and f ig u re  10,4 show
that  when the grass was grown w ith  0.5 ppm (mg dm platinum,growth of
both roots and shoots were st imulated,  however, a t  the 2 .5  ppm le v e l ,  
growth was stunted and chlorosis  was evident .  For those plants t reated  
with 0 .5  ppm Pt ,  the index o f  tolerance was 1.10 a f t e r  one week's growth 
and 1.65 a f t e r  two week's growth. A 65% average increase In the lengths  
o f  the roots over the average increase in root length o f  the control  
plants demonstrated the growth s t imulated.  S im i la r l y ,  the average shoot 
heights were S% g reater  than the average heights of control p lan ts .
Plants grown in 2.5ppm Pt were stunted in growth. An index of  
to lerance of  0.02  was found a f t e r  both the f i r s t  and second week of
growth. The average root lengths were 98% less than the control and the
shoot heights were 38% less.
Determination of  platinum by ETA AAS o f  the p lant  digests show that  
a t  the 0 .5  ppm Pt l e v e l ,  no platinum was detected In plant  tops though 
some platinum was deposited in the roots. At the phytotoxic l e v e l ,  
plat inum was deposited in the root and some transported to the tops. In 
comparison to uptake by aquatic p lants ,  the accumulation reported here 
is r e l a t i v e l y  poor even though the platinum was presented to the root in 
a soluble form.
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CHAPTER X
GENERAL DISCUSSION
L i t t l e  Is known about the inorganic biochemistry o f  the platinum  
group metals or to what extent  they can a l t e r  the growth patterns of  
p lan ts .  With the recent development of platinum drugs fo r  the treatment  
of  a number of cancers, the biomedical s ign i f icance  of platinum and other  
re la ted  metals has increased markedly. In add it ion  to t h is ,  the i n t r o ­
duction o f  car exhaust systems containing a plat inum/pal ladium c a ta ly s t  
has raised the p o s s ib i l i t y  o f  these metals f ind ing  t h e i r  way in to  the 
envi ronment.
One of  the primary aims of th is  study was the development o f  
s en s i t ive  an a ly t ica l  techniques fo r  the determination of  platinum group 
metals in p lant  t issues. However, there is no NBS Bio logical  Standard 
Reference materia l  containing c e r t i f i e d  levels  o f  the platinum group 
metals fo r  comparing an a ly t ica l  techniques. Therefore,  p lant  m ater ia ls  
were s p e c ia l ly  prepared, each of  which contained one of  the platinum  
group metals.  A number of  instrumental techniques were invest igated,  two 
in d e t a i l :  electrothermal atomisation atomic absorption spectroscopy
(ETA AAS) and instrumental neutron a c t iv a t io n  analysis (INAA). A 
comparison with  other  techniques, including ICP, dc arc emission and PIXE 
was undertaken. The results  of the comparison show no one p a r t ic u la r  
technique f u l f i l l s  a l l  ana ly t ica l  requirements, though PIXE came close to 
s a t is fy in g  most c r i t e r i a .
INAA is most su i tab le  for  the determination o f  Os and Ru since most 
other  methods require the oxidat ion of  organic matter p r io r  to determin­
a t io n ;  th is  may resu l t  in Os and Ru being lost as v o l a t i l e  oxides. However
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PIXE does o f f e r  r e l a t i v e l y  good detect ion l im i ts  fo r  a wide range of  
elements determined simultaneously.  This is advantageous since the 
uptake o f  non-essential  elements can replace or enhance uptake of  
essent ia l  elements. As a routine technique, ETA AAS suffers  from m atr ix  
e f fe c ts  when platinum metals are a t  low le v e ls ,  but the resu l ts  obtained  
agree well  with  other  techniques. I t  would seem that  o f  a l l  the elements 
in the platinum group, platinum i t s e l f  is the most d i f f i c u l t  to determine  
in b io logica l  samples (Le Roy e t  a l . ,  1977).
The b io logical  e f fe c ts  o f  the platinum group metals on plants  were 
studied by t re a t in g  plants with chiorocomplexes of  each metal a t  a range 
of  concentrat ions. The vascular aquatic p lan t  Ezohhoim 'ia orass'Cpes 
(water hyacinth) was selected fo r  de ta i led  study because o f  I t s  remarkable 
a b i l i t y  to ass im i la te  high levels  of  t ra n s i t io n  elements from solut ion  
(Wolverton and McDonald, 1975) (Tatsuyana e t  a t . ,  1977, 1979).  Uptake 
experiments with water hyacinth show i t  is capable of recovering  
platinum group metals even from d i lu t e  solut ion though to varying degrees 
depending on the metal:
decreasing % recovery a t  the O.OSppm level
When th is  is compared to the r e l a t i v e  order of  t o x i c i t y  a t  the lOppm level  
fo r  each metal ,  some s i m i l a r i t i e s  emerge:
Pt^+fSd^) % Pd^+fAd^) > Os^*(5d^) % Ru3+(4dS) > Ir^+fgd^) > pt^+(5d^)
»  Rh3+(4d^ )
-------    J-
decreasing order of  t o x i c i t y  a t  the lO.Oppm le v e l ,  with the 'd '  e lec t ron  
conf igura t ion  shown in parenthesis
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The re la t ionsh ip  between phy to to x ic i ty  and pos it ion  in the per iodic  
table  is tenuous but appears to be l inked with  the ox idat ion s ta te  and 
hence e lec t ron  configurat ion of the metal ion. The two least  tox ic  ions,  
I r^  and Rh  ^ , have the same ' d ' e lec t ron  conf igura t ion  ( d ^ ) ; i t  is 
s i g n i f i c a n t  too that  Pt^^(d^) is fa r  less tox ic  than Pt^^(d^).  A s im i la r  
r e la t io n s h ip  has been found for  the phy to tox ic i ty  o f  1st row elements 
(Rauser, 1978):
CdZ+(4d'°)  »  Zn^'^(3d’ °)  > Ni^+tSd^) > Ccf+fSd?)
decreasing r e l a t i v e  t o x i c i t y
Some o f  these f indings can be explained in terms o f  the p r in c ip le s  o f  
hard and soft  acids and bases (HSAB) (Pearson, I 963) .
Wil l iams (1971) has summarised these p r inc ip les  (Table 1 1 .1 ) .
When a metal ion bonds to a l igand one species is considered an acid 
(Lewis) and the other  a base (Lewis),  The bond strength is re la ted  to 
two factors:  ( i ) i n t r i n s i c  strength ( s ) ,  ( i i )  a softness parameter ( a ) .
Softness Is said to a r ise  from the e lectron m o b i l i ty  or p o l a r i z a b i 1i t y  of  
a species. The species Is soft  I f  e lectrons are e a s i ly  moved; i f  f i r m ly  
held,  the species is hard. A hard acid is usually  o f  small s ize  with  
high p o s i t iv e  charge denîsty  and does not contain unpaired electrons  
usua l ly .
Those metal Ions normally considered tox ic  e . g . :  Cd^^, Hg^^ are 
c l a s s i f i e d  as sof t  acids. They form strong bonds with  sof t  bases p a r t i c ­
u l a r l y  those containing sulphur groups (e .g .  R^S, RHS and RS ) which are  
important consti tuents of  proteins containing cyste ine residues. Included 
in the so f t  acid c la s s i f i c a t io n  is Pt^* and Pd^* w h i ls t  Rh^* and lr^+ are
2+ 2+ 24-
cons idered borderl ine between hard and so f t ,  along with Fe , Co , Cu 
and Zn . This approach goes someway to explaining the r e l a t i v e  t o x i c i t y
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of the platinum metals. The only anomaly Is Pt^*  which is c l a s s i f i e d  
as a sof t  acid but appears r e l a t i v e l y  non-toxic .  However, the hardness 
of  an element increases with ox idat ion  s ta te  (Wi l l iams,  1971) and th e re ­
fore some softness is lost when Pt^*  is oxidised to Pt^'*’ .
Many of  the techniques used in th is  study to invest igate  the  
chemical binding and lo c a l is a t io n  of  platinum metals in p lant  t issues  
s u f fe r  from a number of  l im i ta t io n s  some of  which have been out l ined  
previously .  Foremost among these is the p o s s ib i l i t y  that  In preparing  
p lan t  t issues,  e . g . :  fo r  examination in the e lect ron  microscope or p r io r  
to chemical ex t rac t io n ,  metal species may be relocated or change 
character  s u b s ta n t ia l ly ,  leading to erroneous resu l ts .  To a c e r ta in  
ex ten t ,  th is  is more o f  a problem where the metal is known to form l a b i l e  
complexes e . g . :  Cu ; however, the platinum group Is renowned fo r  the 
formation o f  k i n e t i c a l l y  iner t  complexes. Though some l igand exchange is 
l i k e l y  p r io r  to uptake, the rate  is l i k e l y  to be slow. The n u t r ie n t
so lu t ion  contains a large number o f  p o t e n t i a l l y  good binding l igands:
3- -  + 2 -, NOg, NH^  and , though aquation Is the most l i k e l y  reaction o f
platinum group metal complexes.
In his invest igat ion  of  the f i lam enta t ion  o f  S’, c o l i ,  Rosenberg e t  
a l , ,  ( 1967) discovered tha t  a ser ies of  photochemical reactions occurred 
in an aqueous solut ion of  (NH|^)^CPtCl^] resu l t ing  In the formation of  
several mixed chlorammine complexes:
2 -
Elding (1970) reported tha t  in water,  [P tC l^ ]  undergoes extensive  
so lvo lys is  though the rate  Is slow:
[ P t c t ^ ] ^ '  + H^ O ^ [ P t C l + Cl *
[PtClgHgO]'  + H^ O ± = ; [P tC l2 (H 20 )2 ]  + Cl
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I t  îs also known, that  NH^  l igands can displace Cl l igands and that  
PO  ^ l igands w i l l  displace Cl l igands in Pt^^ complexes (S ig le r  and 
Blow, 1965) .  L i t t l e  is known about the in te ra c t ion  of  platinum complexes 
with organic matter though binding has been reported ( I ) between 
ca t io n ic  complexes and carboxylate groups and ( i i )  between a l l  other  kinds 
of platinum species and prote ins ,  probably a t  the R-S group (Blundell  and 
Jenkins, 1977). Recent studies on the pharmacokinetic behaviour o f  the  
anti  tumour drug c i s CPt (NH^)2C12 ] a f t e r  adm inis tra t ion  ind icate  the  
presence o f  a large number o f  platinum species o r ig in a t in g  from the drug 
(Le Roy e t  a l , ,  1979) (Le Roy e t  a l , ,  I 98O).
A v a r ie ty  o f  Pt^^ complexes, n eu tra l ,  anionic and c a t io n ic ,  were 
applied to the nu tr ien t  solutions of  water hyacinths but no s i g n i f i c a n t  
di f ferences in b io logica l  behaviour o f  t reated plants was observed. The 
most prominent toxic  symptom a t  low levels  was the appearance o f  reddish-  
brown streaks in the leaves o f  E ickhoTn-ia cvass iipes . Such phytotoxic  
symptoms have been observed in beans (Phaseolus vu lgcœ is)  and soybeans 
{G ly c in e  max) t reated with high q ua n t i t ies  of  z inc (Rauser, 1973).  A 
red-brown pigment was found deposited in parenchyma c e l l s  o f  the cor tex ,  
xylem and phloem o f  veins, pe t io les  and stems. Other t r a n s i t io n  metals  
are reported to cause s im i la r  symptoms: Cd^ '*’ , Co^^ and Ni "^*" (Rauser,
1978) .  U1tras tructura l  examination of  le a f  veins bearing th is  d isco lour ­
a t ion  revealed modificat ion o f  the vessel wal ls  and the deposit ion o f  
e lec t ron  dense materia l  in the secondary vessel wal ls  (Robb e t  a l , ,  I 98O).
In th is  study, the reddish-brown streaks which appeared in leaves of  
platinum trea ted  water hyacinths did not appear to be located around 
vascular  bundles (as seen in the le a f  t . s .  in LM) but in the upper 
palisade which was extens ive ly  disorganised in the area o f  pigmentation.
I t  has been suggested that  th is  pigmentation is most l i k e l y  a polymerisat ion
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product o f  phenolic acids which may have o r ig ina ted  in the p lant  roots 
(Rauser, 1981).
2+ 3+In contrast  to the tox ic  e f fe c ts  of Pt , Rh appears to e x h ib i t  
a tonic e f f e c t .  When t reated with lOppm Rh^^ applied as Na^CRhCl^], water  
hyacinth increased i ts  biomass some 6.7% more than control p lan ts ,  grown 
under the same condit ions. When the South Afr ican  grass S e ta r ia  v e r t i c l l a t a  
was t reated with  0.5ppm Pt^^ (as K^CPtCl^]),  vascular d iscolourat ion  was 
absent and the roots were growth stimulated some 65% more than con tro ls .
This was in marked contrast  to the e f fe c ts  observed fo r  water hyacinth  
{E ia h h o rn ia  o ra s s ip e s ) . I t  would seem that  phytotoxic symptoms o f  
platinum vary according to which species is t re a te d ,  though with  water  
hyacinth, some st imulat ion  o f  vegeta t ive  reproduction was apparent with  
platinum complexes.
When applied as the ant i  tumour complex ci s [Pt(NH^)2C l2 ] a t  low 
l eve ls ,  some 47.9% o f  the platinum found in the leaves of water hyacinth  
was associated with a -c e l lu lo s e  and l ig n in ;  16.1% was removed by the 
p r o t e o ly t ic  enzyme pronase and 20.8% found with water soluble pecta tes .
A s im i la r  d is t r ib u t io n  of platinum was found in the f lo a ts  of  water  
hyacinth.  In the roots o f  t reated p lants ,  the values were 35%, 9.5% and 
14.2% respect ive ly ;  in addit ion to t h is ,  a fu r th e r  23.1% was removed with  
low molecular weight alcohol soluble mater ia ls  and 12.0% w ith  polar  water  
soluble m ater ia ls .  Thus in water hyacinth, the c e l l  wall  acts as an ion 
exchange column trapping most of  the platinum, though some is found bound 
to water soluble pectates. Together,  th is  accounts for  49.2% o f  the 
platinum found in the roots and th is  f igure  rises to 68.7% in the leaves.
The platinum released by pronase may represent that  which is bound to  
pro te in  from a number o f  sources including organel le  p ro te in ,  membrane 
prote in  and c e l l  wall  glycoprotein.
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The amino acid p r o f i l e  o f  control water hyacinth ex t ra c t  shows the 
presence o f  large amounts o f  asparagine and aspar t ic  ac id .  Extract  of  
root mater ia l  contained high levels  of  glutamine and ser ine too, w h i ls t  
e x t rac t  o f  l e a f  mater ia l  contained a higher proportion of  a lan ine ,  
threonine and va l in e .  The shoot ex t rac t  o f  water hyacinth has been 
reported to possess g ib b e r e l l in -1  ike substances which have been ch arac te r ­
ised (S i rc a r  e t  a t . ,  1973). Further  studies on the root e x t ra c t  o f  water  
hyacinth have shown that  i t  can increase the root and shoot lengths of  
r ice  seedlings [Ovyza s a t iv a  L) s i g n i f i c a n t l y  a f t e r  ten days growth 
(Gopalakrishnan and S i rc a r ,  1973). The f ree  amino acid consti tuents  of  
the r ic e  seedlings were also a f fec ted  by treatment with the water hyacinth  
root e x t ra c t .  A f te r  ten days growth, t reated seedlings had considerably  
less asparagine, suggesting I t s  rapid u t i l i s a t i o n  fo r  growth promotion.
In th is  work, platinum t reated  water hyacinths contained a much higher  
proportion o f  asparagine and aspart ic  acid compared to control p lan ts .
When applied as (NH^)2[ P t C l^ ] ,  Pt^*  is r e l a t i v e l y  non-tox ic ,  though 
some yellow discolourat ion o f  roots does occur, probably due to the 
p r e c ip i ta t io n  of  platinum hydroxy species in the porous outer  f ree  spaces 
of  the root .  In the SEN these platinum treated roots appear covered in 
e lec t ron  dense deposits and EDXA confirms the presence o f  platinum.
Electron microprobe invest igat ions reveal that the platinum deposits are 
concentrated in the epidermis with  lesser  amounts extending up to the 
endodermis. X-ray photoelectron spectroscopy of  these roots gives a 
d i s t i n c t  platinum signal w ith  a binding energy which is close to that  
expected fo r  Pt^^. Ruthenium treated roots show a s im i la r  lo c a l is a t io n  
of  the metal when viewed in the microprobe.
The emphasis throughout th is  thes is ,  has been towards the a n a ly t ica l  
techniques employed and the various problems associated with them. In
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some cases, the invest igat ions described here are ju s t  the beginning and 
a great  deal more research is needed i f  the problems described in th is  
study are to be solved.
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APPENDIX
A pre l im inary  comparison o f  instrumental techniques fo r  
the determination o f  platinum a t  low leve ls  in plants
The f i r s t  water hyacinth prepared in chapter 6 .2  and designated 
'P t  LO^ij tops ',  was used to examine the s u i t a b i l i t y  o f  a v a r ie t y  o f  
instrumental techniques. Included, but l a t e r  abandoned, were the 
techniques X-ray f luorescence spectrometry (XRF) and D.C. Argon plasma 
atomic emission spectroscopy (Spectrospan I I I  system). The d e ta i ls  o f  
instrumental set t ings fo r  XRF are given in Table 6 .11 .
The dr ied p lant  materia l  was analysed fo r  platinum only by ICP, ETA 
AAS and INAA (TRIGA) a lso;  resul ts  are presented in Table 6 .12 .  A second 
p lan t  was prepared containing platinum at  low leve ls  and designated 
'P t  L0^2) tops ' .  This was analysed along with plants conta ining other  
members o f  the platinum group and results  o f  the f u l l  comparison are 
given in chapter 6.
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Instrumental Conditions fo r  the determination o f  platinum by 
X-Ray Fluorescence Spectrometry
P h i l ip s  PW l4lO X-Ray Spectrometer.  
C o l l in a to r :  Fine F i l t e r :  Out
Crystal  : 
Counter: 
Vacuum:
Standards :
Li F200 Order: 1
F+S (Flow + S c i n t i l l a t i o n )
No
Window: 500
Time count: 10s
Tube: Chromium 50kV
50mA
Mode: PT Gain: 128
Peak angle 20 38 .00° (PtL  )
Background angle 39*60 
matrix  matched (platinum spiked p lant  ash)
T a b le  6.11
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Prel iminary  comparison of instrumental techniques fo r  the 
determination of  platinum in standard water hyacinth Pt L0(1)
Technique yig g  ^ Pt,  dry weight
E D I A A S  1 4 . 7
DC Argon Plasma (Spectrospan I I I )  23.1
K f  AES 7 . 7
XRF 29 .0
INAA (TRIGA) :
( i )  p lant  ash, (corrected fo r  % ash) 158/208keV 14.1
( i i )  dr ied p lant  materia l  ^^^Au y lS8keV: 44
( i n )  " " " Y 208keV: i&
T a b le  6 .1 2
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Determ ination of Platinum , Palladium and Rhodium  
by Atom ic-absorption Spectroscopy w ith  
Electrotherm al Atom isation I
M. E. Farago and P. J. Parsons ^
Chemistry Department, Bedford College, Regent’s Park, London, A 'ln  ANS f;
3Instrumental conditions for the determination of platinum, palladium and f
rhodium by atomic-absorption spectroscopy with electrothermal atomisation i
are described for two different instruments. Platinum determinations were \
investigated further using a third instrument. The effects of acid concentra­
tion on peak heights were found to be instrument dependent. This instrument î
dependence is discussed in terms of the geometries of the various tubes em­
ployed in the furnaces. A comparison is made of voltage control and ]
temperature control facilities for the atomisation of the three metals. ]
Keywords: P la iin iim , palladium  and rhodium determination', atomic- )
absorption spectroscopy, electrothermal atomisation', acid effects \
Recent interest in the medical and industrial significance of platinum and to a lesser extent  ^
palladium  and rhodium has been accompanied by an increasing interest in their determina­
tion at low levels. Most studies have been concerned w ith  animal tissues^"^ and body .
fluids^”^; studies of plant material have been few. Kothny’ has developed a novel spectro- •;
photometric method for the determination of palladium in plants and soils. Because of the i
poor detection limits for the determination of platinum by flame atomic-absorption spectro- ’
scopy (FAAS),* atomic-absorption spectroscopy w ith electrothermal atomisation (ETA-AAS) 
is often used for the determination of platinum present in low concentrations.^~^-®~^*
One problem with ETA -A A S has been non-atomic-absorption from m atrix salts volatilised 
in the graphite furnace. Simultaneous deuterium background correction is now the most 
widely adopted method for the removal of such e r r o r s . S i g n a l  depression when nitrate  
and sulphate ions are present is another source of e r r o r s . T h i s  last point has some bearing 
on the preparation of biological samples by the wet ashing method : Dokiya et al.^  ^ compared 
the effects of mineral acids used in the wet digestion of plant material for atomic-absorption 
spectroscopy. They used a Varian Techtron AAIOOO instrument equipped w ith  the CRA 63 
unit for electrothermal atomisation work, and came to the conclusion that nitric acid was the 
most suitable medium. Pera and Harder* carried out both wet ashing and analysis of 
animal tissues in nitric acid solutions. Measurements were carried out on a Perkin-Elmer 
360 spectrometer fitted with an H G A 2100 furnace, and these workers reported that they 
found no interference from nitrate on signal height when concentrations of nitric acid between 
0.0312 and 7.8 mol 1~* were investigated. M iller and Doerger^ also investigated the analysis 
of tissue samples for platinum, but converted their nitric acid digests into chloride for 
analysis, by treatment w ith sodium chloride and hydrochloric acid. The instrument used for 
the measurements was a Perkin-Elmer 503 w ith an H G A  2000 furnace, and with this system 
M iller and Doerger stated, “ Several additions of hydrochloric acid are necessary to drive off 
the nitrate fumes which seem to reduce the sensitivity of the metals.” LeRoy et al.^ com^^ 
pleted wet ashing of animal tissue in a mixture of nitric and perchloric acids, and converted 
digests into chloride for analysis, although they did not report nitrate interferences in the 
determination of platinum.
Optim um  conditions for the ETA-AAS of platinum -^oup metals have been reported 
previously.*^'*® Effects of acids on signal heights were investigated using a Perkin-Elm er 
403 - H G A  70 system,*^ and those of nitric acid were found to be more pronounced than  
those of hydrochloric acid with regard to both sensitivity and reproducibihty. Everett*® 
detailed the furnace parameters for the determination of platinum metals using a carbon rod 
atomiser w ith a Varian Techtron AA-5 spectrometer.
In  this paper we report methods for the determination of platinum, palladium and rhodium  
by E TA -A A S as the final step in the analysis of plant material for these metals. Programme
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sfUiP.gs liave been developed for the Pye Unieam SP2h()0 drmlile-lieain instninii nt filled  
with an SP9-0I electrothermal atomi-er acce><ory, and for the Pye Un i 'am video furnace. 
The SP2900 - SPO-01 instrument utilises classical voltage control for atomisation. The SP9 
video furnace head incorporates an optical temperature feedback facility. The sensitivity 
of the two methods was investigated using the latter instrument. Acid interferences were 
investigated using these two systems, and briefly using a Perkin-Elmer 306 togetlier with 
an H G A  74 furnace.
Subsequent papers will deal w ith the determination of platinum metals in some specially 
grown and homogenised plant material by AAS, by instrumental neutron-activation analysis 
(IN A A ) and by other techniques. LeRoy et al.^ have compared the results of the analysis 
of canine heart, liver and muscle by both ETA-AAS and IN A A . I t  was found that the 
results for platinum using IN A A  were higher in all instances. Similarly, we and other 
workers*® have found that in the analysis of plant material fur platinum by I N A A ,  there are 
interferences that can lead to errors. This point will be discussed in a later paper.
E x p e rim e n ta l and Results
In s tru m e n ta tio n
The instruments used were as follows; {{) Pye Unicam SP2900 double-beam spectro­
photometer fitted w ith deuterium background correction and an SP9-01 electrothermal 
atomiser; the system was interfaced with a Hewlett-Packard laboratory data system (H P  97), 
which was used to record peak heights, correct for blanks and calculate relative standard 
deviations and absolute sensitivities; (n) Pye Unicam SP9 video furnace, equipped with  
autosampler (FA S I); and (m ) Perkin-Elmer 306 spectrometer fitted with an H G A 74 furnace 
and equipped also with a furnace autosampler injection facility. Manual injections 
(SP2000 - SP9-01 system) were made with a 25-/xl micropipette (Clinipette; Labora Mann­
heim). A ll acids were of Aristar grade; solutions were made up with de-ionised, distilled 
water.
P ro g ra m m e  Settings fo r P la tin u m  and A cid In terferences
Platinum stock solution
Platinum  sponge (Johnson Matthey, Specpure) (0.5000 g) was dissolved in 50 ml of aqua 
regia and evaporated to dryness. A  25-ml volume of concentrated hydrochloric acid and 
0.5 g of sodium chloride were added to the residue, and the mixture was again evaporated 
to dryness. The residue was dissolved in 100 ml of 50% hydrochloric acid and then diluted 
to 500 ml w ith water. This stock solution was stored in a polythene bottle.
Construction of atomisation and ashing curves, SP2000 - SP9-01
Using an injection of 25 /j.1 of a platinum solution (1.0 p,g ml“ *), i.e., 25 ng of platinum, a 
suitable drying time of about 60 s at a temperature setting of about 25 (ca. 240 °C) was 
established. This was achieved by watching the evaporation of the sample with a dental 
mirror (C a u tio n — ultraviolet radiation). The atomisation cur\-e shown in Fig. I  was then 
constructed; similarly, the ashing curve (Fig. 1) was obtained (see footnotes |{ and * * ,  Table 
I) .  The final settings are shown in Table I.
Effects of acids on peak heights, S f 2900 - SP9-01
The effects of varying concentrations of nitric, sulphuric and hydrochloric acids on peak 
heights were investigated. The results are shown in Fig. 2. I t  can be seen that there is a 
severe depression of peak height and very poor precision -with nitric acid. Sulphuric acid 
produced a considerable amount of matrix smoke and condensed on the instrument baffles, 
causing,damage; it,was therefore abandoned. Hydrochloric acid was found to be the best 
medium for the determination of platinum using the SP2900 - SP9-01 system. A  calibra­
tion graph for platinum  in the range 0.2-2.0 {ig mU* is shown in Fig. 3.
Platinum programme and acid effects, P E  306 - HGA  74
The programme settings are shown in Table I I .  The effects of acids on peak heights were 
investigated briefly for platinum only. Fig. 4 shows the effects of varying concentrations of
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F ig . 1. (a) A sh ing  curves and (6) a to m isa tio n  curves. P ye  U n ica m  SP1900 - SP9-01.
A and D : p la tin u m  ; in je c tio n , 25 yX, 1.0 /xg m l~^ (aqueous) ; band  pass, 0.2 n m ; A, 265.95 nm . 
B  and E :  p a lla d iu m ; in je c tio n  25 /xl. O .I/xg  m P ^ (aqueous); A, 247.64 n m ; band  pass, 
0.2 nm . C and F :  rh o d iu m ; in je c tio n , 25 /xl, 0.1 /xg m l~^ (aqueous); A, 343.49 n m ; band 
pass, 0.2 nm . The  ashing cu rve  fo r  p la t in u m  (.A) shows t \*p ic a lly  th e  e ffect o f changing  
th e  tu b e . T he b roken  lin e  represents the  tu b e  rep lacem ent, show ing  th a t  d iffe re n t peak 
h e igh ts  are ob ta ined  w ith  th e  new tu b e  fo r  th e  same pow er se ttin g . S im ila r ly , T ab le  IV  
shows th a t  in  th e  ana lys is  o f p a lla d iu m  th e  in tro d u c t io n  o f a new tu b e  reduced th e  s ta n da rd  
d e v ia tio n s  in  one set o f m easurem ents.
T a b l e  I
I n s t r u m e n t a l  s e t t i n g s  f o r  t h e  d e t e r m i n a t i o n  o f  p la t in u m ,  p a l l a d iu m  
AND R H O D IU M  USING TH E P y E  U N IC A M  SP2900 - SP9-0I (ETA-x\AS)
P aram e te r P t P d R h
W a v e le n g th /n m 265.95 340.46, 247.64* 343.49
B a n d  pass/nm 0.2 0.2 0.2
L a m p  c u rrcn t/m .A 10 5.5 10
K e co rd e r ra n g e /m V | . . 10 10 10
R ecorde r speed/m m  m in~^ 20 20 20
Furnace  p a ra m e te rs j,§ : 
D r y :  T im e /s 65 60 65
In d ic a te d  tem p e ra tu re /°C 300 300 300
D ig ita l s e t t in g . . 28 28 28
A s h : T im e/s|| 45 30 30
In d ic a te d  tem perature/® C . .  1375 1375 1800
D ig ita l se ttin g 50 50 58
D e la y /s ^ 10 10 10
A to m is a t io n : T im e /s ** 5 5 5
In d ic a te d  te m pe ra tu re /°C  . . . .  3025 2 950 3000
D ig ita l se ttin g 93 90 92
D e la y /s 10 10 10
T u b e  c lean : T im e /s  . . 5 5 5
In d ic a te d  te m pe ra tu re /°C  . . . .  3175 3175 3175
D ig ita l se ttin g 99 09 99
D e la y /s 10 10 10
T ub e  b la n k :  T im e /s 5 5 5
In d ic a te d  te m pe ra tu re /°C  . . . .  3025 2 950 3 000
D ig ita l se ttin g 93 90 92
•  T he  lin e  a t  340.46 n m  is m ore su itab le  fo r  samples w ith  h ig h  b a ckg round , and  was used 
su b se qu e n tly  fo r  th e  ana lys is  o f p la n t samples.
t  P h ilip s  P M  8251 pen recorder.
Î  -Argon flo w -ra te , 3 1 m in~^.
§ Is o th e rm a l hea ting .
II O p tim u m  ash tim es and  tem pera tu res are m a tr ix  dependen t; va lues g iven  were d e te rm ined ’ 
e m p ir ic a lly  fo r  c o n tro l p la n t samples b y  ensuring  the  rem ova l o f m a tr ix  sm oke p r io r  to  a to m i­
sa tion . T h is  gave an acceptab le  b la n k  signal d u rin g  a tom isa tio n .
^  P eak h e ig h t read in it ia te d  (tim e , 15 s).
• •  .A tom isa tion  tim es were de te rm ined  b y  observ ing  th e  peak p ro file  w ith  a fa s t response 
reco rde r a nd  ca lc u la tin g  th e  t im e  taken  fo r  the peak to  fo rm  and  decay.
Ociubcr, 2U82 BY AAS W ITH ELL( TKuTHEKMAL ATE''.!IrsATluX )-2-2]
0.6 - (3 75) !6.75) : (0.90)
\  (14.35)
(14.13)
(37.67)
(34 52)
05
.c
CL
(39.06)
10 0
H;S04. % VV
F ig . 2. E ffe c t o f acids on peak h e ig h t. Pye U n icam  SP2900 - SP9-01. P la t in u m ; in je c tio n , 25 ^1, 
1.0 /ig  m l“ ^; A, 265.95 n m ; band pass, 0.2 nm . R S D  values in  parentheses.
0.8
0.6
0.4
0.2
0 2.01.0
Concentration of Pt solution ug m C ’ 
in 5% k l/HCI
F ig . 3. C a lib ra tio n  g raph fo r  p la tin u m . 
P ye  U n ica m  SP2900 - SP9-01. In je c tio n , 
25 / i l,  0 .2 -2 .0  ^ g  m l“  ^ (h yd ro ch lo ric  acid , 
5 %  U /T^ ; A, 265 .95n m ; band pass 0.2 nm .
T a b l e  I I
P a r a m e t e r s  f o r  t h e  i n v e s t i g a t i o n  o f  e f f e c t s  o f  a c id s  o n  t h e  
D E TE R M IN A TIO N  OF PLA TIN U M  BY ETA -AA S USING TH E  
P e r k in - E l m e r  306  -  H G A  74, w i t h  A u t o s a m p le r  AS-1
In je c tio n , 20 /xl. 
P a ram ete r
W a ve le n g th /n m  
B and  pass/nm  
L a m p  c u rre n t/m A  
R ecorde r ran g e /m V  
R eco rde r speed/cm  s~^
F urnace  p a ra m e te rs *:
D r y :  T im e /s
In d ic a te d  te m pe ra tn re /°C  
A s h : T im e /s  . . .
In d ic a te d  te m pe ra tu re /°C  
A to n iis a t io n f  : T im e /s
In d ic a te d  tem pe ra tu re /°C  
T ub e  c lean : T im e /s
In d ic a te d  tem pe ra tu re /°C
* A d a p te d  fro m  refs. I  and 2. 
j  W ith  gas s top  fa c il ity .
V a lu e
265.95
0.7
10
10
10
60
90
26
1630
8
2 700 
10 
2 700
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liyd ro ch lijr ic  and n itr ic  acids on peak iie ig lits . The depres>i>)n produced b y  n it r ic  acid is not 
as sevrre as w it l i tlje  Pye Unicam  SP2nùÜ- 5P9-t)l system, in agreement w ith  previnus obser­
vations.*'-*^ H ydroc idu ric  acid in fact gives an enlianced signal w it l i  th is  system (Fig. 5).
Platinum programme and acid effects, SP9 eideo furnace
Atomisation curves for platinum were constructed using both temperature control and 
voltage control facilities (Fig. 6). W ith  a band pass of 0.5 nm, better sensitivity is found 
for temperature control than for voltage control, but with a band pass of 0.2 nm, little  
difference is observed. The final programme for the analysis of platinum is shown in Table 
I I I .  The effects of varying concentrations of nitric and hvdrochloric acids are shown in 
Fig. 7.
2.2
HCI2.0
JZ
OJo
.c
0]
Q.
2 4  6  8
Acid concentration, % V.V
10
F ig . 4. E ffe c t o f acids on p la t in u m  peak he igh ts. 
P e rk in -E lm e r 306 - H G A  74. In je c t io n , 20 
0.2 fig m l - ‘ ; A, 265.95; band  pass, 0.7 nm .
10.0
8.0
6.0
4 .0
2.0
0 .50 1.0
Concentration of Pt solution ug m i" ’
F ig . 5. C a lib ra tio n  graphs fo r
p la tin u m . P e rk in -E lm e r 306 - 
H G A  74. In je c t io n , 2 / i l,  0 .2 -
1 .0 /x g m i~ y  A, 265.95 n m ; b and  
pass, 0.7 nm .
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Indicated tem perature/°C
F ig . 6. P la t in u m  a to m isa tio n  curves. 
P ye  U n ica m  SP9 v ideo  furnace. In je c tio n , 
l 6  fil, O . l / ig m J - ^  (aqueous); A, 265.95 n m ; 
ba n d  pass, 0.2 nm . Open circles, vo ltage 
c o n tro l;  and closed circles, tem pe ra tu re  
co n tro l.
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r-HCI
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Acid concentration, % ViV
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F ig . 7. E ffe c t o f acids on peak he ig h t. 
P ye  U n icam  SP9 v id e o  fu rnace . P la t in u m ; 
in je c tio n , 1 0 / il,  0.1 ;:g  m l ' i ;  A, 265.95 n m ; 
band pass, 0.2 nm . R S D  values in  pa ren ­
theses.
P ro g ra m m e  Settings fo r P a lla d iu m  and Acid Effects
Palladium stock solution
Palladium sponge (Johnson ^fatthey, Specpure) (0.5000 g) was dissolved in 5 ml of aqua 
regia and evaporated to dryness. The residue was dissolved in 2.5 m l of concentrated hydro­
chloric acid and 12.5 ml of water, and finally diluted to 500 ml. The solution was stored in 
a polythene bottle.
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I n s t r u m e n t a l  s e t t in g s  e g r  t h e  d e t e r m i n a t i o n  o f  p la t in u m ,  p a l l a d iu m  
AND r h o d iu m  b y  E T A -A A S  u s in g  t h e  P y e  U n ic a m  SP9 v id e o  f u r n a c e
A u to sa m p le r p ro g ra m m e : vo lum e, 10 / t l ;  re-sam ple, 3 ; mode, m u lt i .
P a ram ete r
W a ve le n g th /n m  
B a n d  pass/nm  
L a m p  cu rre n t/m  A  
R ecorder range /m V  
R ecorder speed/m m  m in~*
F urnace  pa ram e ters :
Phase 1 : T im e /s
T em pera tu re /°C  . .
Phase 2 : T im e /s
T em pera tu re /°C  . .
Phase 3 {T C ) f :  T im e /s
T em pera tu re /°C  
Phase 3 (VC) t  : T im e /s
T em pera tu re /°C  
Phase 4 : T im e /s  
Phase 5 : T im e /s
T em pera tu re /°C  . .
* A sh ing  te m p e ra tu re  dependent on m a tr ix  and co n d itio ns ; fo r  b io lo g ica l samples use o f 
ra m p in g  fa c ilit ie s  im p roves  ashing.
t  Phase 3 /a to m is a tio n : in it ia te  au tozero  (.AZ), recorder c o n tro l (RC), peak t im e r  (P T ).
TO =  te m p e ra tu re  c o n tro l;  VC  =  vo ltage  con tro l.
Palladium programme and acid effects, SP2900 - SP9-01
Using an injection of 25 fxl of a palladium solution containing 0.1 /xg mJ~  ^ (2.5 ng of 
palladium), the curves shown in Fig. 1 were constructed. The final optimum settings for 
palladium are shown in Table I .  The effects of nitric and hydrochloric acids on peak heights 
are shown in Table IV .
An investigation of the sensitivity of the lines at 247.64 and 340.46 nm was made, and 
some recorder traces for injections of 25 /xl of a solution of 0.1 /xg m l- i of palladium in 5%  
hydrochloric acid are shown in Fig. 8. The line at 244.79 nm is the most intense but is
P t Pd R h
265.95 340.46 343.49
0.2 0.2 0.2
10 8 10
50 50 200
30 30 30
35 35 35
90 90 90
15 15 30
] 500^ 1500* 1 500*
3 3 3
2 700 2600 2 600
5 5 5
3000 2 950 3000
10 10 10
3 3 3
2950 2950 2950
T a b l e  IV
E f f e c t s  o f  .a c i d s  o n  t h e  d e t e r m i n a t i o n  o f  p a l l a d i u m  b y  E T A -A A S
SP9 video furnace
0.1 Jig m l-* Pd in: H ,0
VoUage cûnirol; X — 247.64 nm—
Peak height . .  . .  . .  —
RSD ........................................  —
Peak area . .  . .  . .  —
RSD . .  . .  . .  . .  —
Voltage control ; X =  247.64 nm (repealed)—
Peak height ............................ 0.282
RSD . .  . .  . .  . .  2.9
Peak area . .  . .  . .  0.287 7
RSD ........................................  6.9
Temperature control; X =  340.46 nm—
Peak height . .  . .  . .  0.217
RSD ........................................  1.1
Peak-area ............................ 0.1143
RSD . .  . .  . .  . .  11.9
0.1 Jig m l-' Pd in: H .O
Voltage control; X =» 247.64 nm
Peak height . .  . .  . .  0.384
RSD ........................................  1.45
1% HCI 5% HCI 10% HCI 1% HNO , 5% H NO , 10% H NO ,
0.117
6.5
0.1284
32.1
0.109
6.6
0.0606
14.1
0.139*
2.6
0.2298
21.5
0.059
3.0
0.0794
36.7
0.048
8.3
— 0.057 
222.7
0.092
6.7
0.0888
44.9
0.400
4.7
0.3992
4.2
0.455
0.3
0.4648
0.8
0.492
0.9
0.479 7 
2.9
0.333
3.9
0.3655
13.0
0.243
31.9
0.2518
19.3
0.102
6.1
0.1670
11.5
—
0.231
3.6
0.1214
14.9
0.240
2.8
0.1252
8.9
0.222
2.8
0.1200
14.0
0.321
6.4
0.1486
5.2
0.161
13.7
0.0460
64.3
0.136
3.6
0.008 8 
90.8
SP2900 .• SP9-01 system
1% HCI 5% HCI 10% HCI 1% H NO , 5% H NO , 10% HNO ,
0.392
1.03
0.364
4.73
0.375
2.27
0.203
2".u6
0.063
15.31
0.084
28.33
' New tube (this investigation was repeated).
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F ig . 8. E ffe c t o f w ave leng th  on peak he igh t. Pye 
U n icam  SP2900 - SP9-01. P a lla d iu m ; in je c tio n ,
25 y\,  0.1 /ig  m l“  ^ (hyd ro ch lo ric  acid , 5%  U /U ). A ,
340.46 nm  ; and B , 247.64 nm .
ver}'’ noisy, and that at 247.64 nm is the most sensitive but is also noisy. The less sensitive 
line at 340.46 nm appears to be the most suitable, particularly w ith plant samples that have 
high non-specific absorption.
Palladium programme and acid effects, SP9 z-idea furnace
Palladium atomisation curves constructed using both temperature and voltage control are 
shown in Fig. 9. I t  can be seen that better sensitivity is obtained using the temperature
control facility. The final optimum furnace parameters are shown in Table I I I .  The effects
of acids on peak heights are shovm in Table IV .
P ro g ra m m e  Settings fo r R h o d iu m  and A cid  In terferences
Rhodium stock solution
A 1.100 1-g amount of rh o d iu m (III) chloride (Johnson Matthey, Specpure) was dissolved 
in de-ionised, distilled water and diluted to 500 ml. The rhodium assay on this sample of 
rh o d iu m (III) chloride was 41.45% , the solution thus being 1000 mg 1~^  in rhodium; the con­
centration was checked by gravimetric analysis.
Rhodium programme and acid effects, SP2900 - SP9-0I
The curves shown in Fig. 1 were constructed using an injection of 25 /xl of a rhodium  
solution containing O.I /xg ml~^ of rhodium. The final optimum settings for rhodium are 
shown in Table I .  The effects of nitric and of hydrochloric acids on peak heights are shown 
in Fig. 10.
0.2
n.
P '
X T
1800 2000 2200 240026002800  3000
Indicated temperature 'C
F ig . 9. P a lla d iu m  a to m isa tio n  curves. 
Pye U n ica m  SP9 v ideo  fu rnace . In je c tio n , 
10 / il,  0.1 /ig  m l“ * (aqueous); A, 340.46 n m ; 
band pass, 0.2 nm . A , T em pera tu re  
c o n tro l;  and  B , vo lta g e  co n tro l.
(0.59) (4.84)
(1.06)
HCI I
2  0 .3
(9.84)
(94.49)
0.1
0 4  6  8
Acid concentration, % V:V
2 10 .
F ig . 10. E ffe c t o f acids on peak h e ig h t. P ye  
U n ica m  SP2Ü00 - SP9-01. R h o d iu m ; in je c tio n  
25 / il,  0.1 /ig mpy- A, 343.49 n m ; band  pass, 0.2 nm . 
R S D  values in  parentheses.
Ociolcr, J9S2 B V  AAS w i t h  E L t C IK O T H F .K M A L  A T O M I? A T IO N  1 2 2 5
Rhodium programme, 5P 9  video furnace
R ln 'd iu in  a tom isation curves iisim r both  tem perature and voltaee contro ls are shown in  
big. 11.
0.6
- c  0 .4
0.2
1400 1800 2200 2600 3000
1600 2000 2400 2800
Indicated temperature'’C
F ig . 11. R h o d iu m  a tom isa tio n  curves.
Pye  U n icam  SP9 video  furnace. In je c tio n ,
1 0 /xl, 0.1 /xg m l 'b  A. 343.49 n m ; band 
pass, 0.2 nm . A , T em pera tu re  c o n tro l; 
and  B , vo ltage  co n tro l.
Discussion
Optim um  conditions for the determination of platinum group metals by ETA -A A S have 
been reported by many w o r k e r s . T h e r e  is, however, some disagreement on 
methods of sample preparation, furnace parameters and interferences, which appears to 
result from the variety of instruments used. I t  would seem that it  is the design and structure 
of the electrothermal atomisation unit that are responsible for the differences.
Early investigations of electrothermal atomisation were carried out using a heated graphite 
rod. Later, graphite tubes became more popular, allowing for larger sample volumes. A t 
the same time a number of problems arose from this, some of which appear to depend on 
tube geometry. Thus the optimum conditions for the determination of platinum metal for 
one instrument cannot be adopted directly for another instrument or, for biological samples, 
for another m atrix. Such furnace parameters can serve only as useful guidelines and must 
be determined for each instrument and each type of matrix.
Incorrect dry phase settings can lead to low precision. The dining time and optimum  
temperature have been found to vary considerably from sample to sample, and also on the 
age and conditions of the tube (Fig. 1). The use of pyrolytically coated tubes, although 
improving sensitivity during atomisation for some metals, generally results in poor drying 
characteristics. For e.xample, violent boiling with subsequent analyte loss in the gas stream 
may occur. A  small dental mirror is ideal with the observation of the controlled evaporation 
of the sample in the tube (C au tion — ultraviolet radiation), and this was used to set the 
drying times. As the graphite tubes vaiy* in size and shape it  is not surprising that the 
deposition and subsequent spread of the sample will vary (Fig. 12).^ This will influence 
the number of atoms released as an atomic vapour into the beam, owing to the temperature 
profile of the tube. The flow of argon within the tube can also affect the transient signal; 
thus, removal of the cap from the glass chimney enhances sensitm ty in the SP2900 -  
SP-01 system.
Throughout this work a band pass of 0.2 nm was used. When using high temperatures 
for atofiiisation, non-atomic absorption is considerable. The tube-wall emission is reduced 
by the use of a small band pass in the region of 0.2 nm. E v e r e t t , h o w e v e r ,  reduced the 
non-atomic absorption by atomising at a lower temperature, and increasing the band pass, 
the lower atomisation temperatures increasing the life of the carbon rods.
The lifetimes of the carbon tubes are also improved by the use of temperature control for 
atomisation. Unlike voltage control, where atomisation is achieved by the application of a 
pre-set voltage across the tube for a pre-set time, the temperature control facility applies
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F ig . 12. Cross-sections o f va rious  t j'p e s  o f 
g ra p h ite  fu rnace  tubes : A , s tandard  tu b e  fo r  P ye  
U n icam  SP9-01; B , " p ro f i le "  tu b e  fo r  Pye U n icam  
SP9-01 ; C, s tandard  tu b e  fo r  Pye U n ica m  SP9; 
and D , s tanda rd  tube  fo r  P e rk in -E lm e r H G A  74.
the maximum voltage until a pre-set temperature is reached. A  temperature feedback 
device is incorporated, which can switch off the power once that point is reached. W ith  the 
SP9 video furnace, this was found to increase the sensitivity for platinum, palladium and 
rhodium at lower atomisation temperatures, thus bringing about the improvement in tube 
life. The advantages of temperature control have been discussed by D\maott.^^ For 
palladium (Fig. 9) and rhodium (Fig. 11) this effect is significant, and for platinum using a 
band pass of 0.5 nm,-- but for a band pass of 0.2 nm no significant difference was observed
For the detemunation of palladium, there is a choice of lines; that at 244.79 nm is very 
noisy, whilst that at 247.64 nm is sensitive, but is noisy also. The palladium spectrum in the 
region 244-247 nm is reported to be complex-^ and interferences between lines may occur.-^ 
The more stable line at 340.46 nm is suitable for samples w ith high backgrounds, such as 
plant samples. This line was also used with the SP9 video furnace.
Effects of M ineral Acids
I t  was found that platinum standards in nitric acid solution, when measured using the 
Pye Unicam SP2900 fitted w ith the SP9-01 furnace, gave severe depression of peak height 
and poor precision, especially at the 5%  nitric acid level ; with 10% nitric acid the relative 
standard deviation (RSD) was better only because of the ver}' severe depression of peak 
height. The same standards gave a reasonable calibration graph using a Perkin-Elmer 360 
with the H G A  76 graphite furnace (these last results are not reported in the results section, 
as only one calibration graph was constructed). Similarly, although some depression of the 
signal was encountered, it was possible to use the Perkin-Elmer 306 w ith  the H G A  74 furnace 
(Fig. 4). I t  can be seen from Fig. 7 that there is also severe depression of signal height using 
the Pye Unicam SP9 video furnace with platinum in nitric acid media. Figs. 2, 4 and 7 
show that 5%  hydrochloric acid is a suitable medium for the determination of platinum  
using all three instruments. Hydrochloric acid in some instances gives an enhanced signal 
(Fig. 5). This pattern of results was repeated for both palladium (Table IV ) and rhodium  
(Fi^g. 10) using both the SP2900 - SP9-01 and the SP9 \'ideo furnace.
Conclusion
I t  is concluded that for the determination of platinum, palladium and rhodium in biological 
samples the following method should be adopted. After pre-digestion in concentrated nitric 
acid, all nitrate must be removed from digests by treating the dried residues with concentrated 
hydrochloric acid several times, the mixture being taken to dryness each time. The final
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cliloride residue is resolubilised with concentrated hydrochloric acid, and then diluted to 
give a solution that is approximately 5%  V j V  in hydrochloric acid. Standards should be 
made up similarly in 5%  hydrochloric acid. Furnace parameters should be detennincd for 
the particular instrument and m atrix involved.
The use of the temperature control facility improves sensitivity and prolongs tube life. 
Although the ashing parameters will depend on the individual m atrix, too high a temperature 
results in analyde loss and shortens the life of the tube. Incomplete ashing occurs if the 
temperature is too low, resulting in overloading of the background corrector.
The absolute sensitivities for the determination of platinum, palladium and rhodium b\  ^
ETA-AAS are given in Table V.
T a b l e  V
A b s o l u t e  s e n s i t i v i t i e s  o f  t h e  PL.yTiNu.M g r o u p  .m e t a l s  i n  ETA-.A.AS
T he  abso lu te  s e n s it iv ity  is taken  as th a t  mass o f an e lem ent th a t  w il l  fiive  a peak absorbance
va lu e  o f 0.004 36 absorbance u n it  (w h ich  is e q u iva le n t to  a peak o f 1%  absorp tion ),*^  i.e.,
r. . . .  0-004 36 X in jected  mass
S e n s itiv ity  =  ------------------- :— -,--------:----------
measured ab'^orbance
F o r  exam ple , fo r  p a lla d iu m ;
c .. 0 ,004 36 X  (2 .5  X 10-»)
S c n s , t .v . ty    ' S
=  30 X  1 0 - "  g  (30 p g )
Pve U n ica m  SP29ÜÜ - SP9-01
P t P d* P d f R h
C o n ce n tra tio n  o f in je c tio n //xg  m l-*  
V o lu m e  o f sam ple in je c tio n //x l
0.1
25
0.1
25
0.1
25
0.1
25
Voltage control—
M ean absorbance 
.Absolute s e n s it iv ity /p g
0.065 
. .  168
0.071
154
0.359
30
0.351
31
Pye U n ieam  SP9 v ideo  furnace
P t î Pt§ P d * R h
C o n ce n tra tio n  o f in je c tio n //xg  m l-*  
V o lu m e  o f sam ple  in je c tio n //x l
O.I
10
0.5
10
0.1
10
0.1
10
Voltage control—
.Mean absorbance 
.Absolute s e n s it iv ity /p g  . .
0.107
41
0.350
62
0.146
30
0.492
9
Temperature control—  
M ean absorbance 
A b s o lu te  s e n s it iv ity /p g
0.089
49
0.444
49
0.249
IS
0.651
7
•  A =  340.46 nm .
t  A =  247.64 nm .
* B a n d  pass: 0.2 nm .
§ B a n d  pass: 0.5 nm .
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